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Nearly three billion people worldwide rely on solid fuels for cooking and heating (Bonjour 
et al. 2013). The incomplete combustion of solid fuels (i.e. within an open fire or traditional 
cookstove) often results in extremely high concentrations of air pollutants that have been linked 
to adverse health. These high pollutant exposures are estimated to cause over 2.5 million 
premature deaths and 77.2 million disability-adjusted life years in 2016; this largely preventable 
exposure is now estimated to be the 10th leading risk factor for morbidity and mortality worldwide 
(Gakidou et al. 2017). Despite these staggering estimates, robust, quantitative exposure 
assessment and epidemiologic evidence remains inadequate for understanding the association 
between household air pollution and disease risk.  
Objectives 
In this study, we sought to evaluate major gaps in the household air pollution literature: (i) 
a need to characterize the size distribution (fine and ultrafine particulate matter) and shorter-term 
concentrations and variability of household air pollution; most studies calculate a 24- or 48-hour 
average exposure (Northcross et al. 2015), (ii) a lack of direct exposure assessment in 
epidemiological household air pollution studies; many studies utilize a binary proxy for exposure 
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such as fuel type (Thomas et al. 2015; Bruce et al. 2015)  (iii) an absence of direct measurements 
of personal exposure for epidemiological models, and (iv) a need to identify and utilize biomarkers 
of health that are indicative of chronic disease risk. Chapter 1 describes background information 
relevant to the dissertation; Chapter 2 reviews the literature and Chapter 3 outlines the study 
design.  Aim 1 (Chapter 4) was an evaluation of real-time concentrations of fine particulate matter 
less than 2.5 µg (PM2.5) and ultrafine particles among a sample of traditional biomass and cleaner-
burning Justa stoves in rural Honduras. In Aims 2 and 3 (Chapters 5 and 6) we explored the cross-
sectional association between household air pollution (direct kitchen and personal 24-hour 
measurements of particulate matter and black carbon) and biomarkers of airway (Chapter 5) and 
systemic inflammation (Chapter 6).  
Methods 
This dissertation utilized data from a cross-sectional field study of traditional biomass and 
cleaner-burning Justa biomass stove users in rural Honduras. The overall study population 
consisted of 150 female primary cooks, ages 25-56 years. For Aim 1, we utilized a subset of women 
from the study population to monitor exposure to real-time PM2.5 mass and ultrafine particle 
number concentration in real time. Monitors were placed in the kitchens of 47 women for a 24-
hour monitoring period. In Aims 2 and 3, we measured kitchen and personal levels of PM2.5 (Triplex 
cyclone, SKC AirCheck pump, and 37-mm PFTE-coated glass fiber filters) and black carbon (Magee 
OT-21 transmissometer) for 24-hours. On the day following the household air pollution 
monitoring, we collected health measures from the participants; fractional exhaled nitric oxide 
was collected as a marker of airway inflammation (NIOX Mino; Aeorcine AB, Sweden), (Chapter 5) 
while finger-prick dried blood spots were collected for biomarkers of systemic inflammation 
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(Chapter 6). We explored effect modification of the adjusted associations between household air 
pollution and airway and systemic markers of inflammation, as well as effect modification of the 
associations by risk factors associated with cardiovascular chronic disease risk. 
Results 
Our study of real-time household air pollution concentrations (Aim 1, Chapter 4) 
demonstrated that on average, kitchen concentrations of PM2.5 among women who owned 
traditional stoves (297 µg/m3; SD: 417 µg/m3) were higher compared to Justa stove owners (69 
µg/m3; SD: 50 µg/m3) (Wilcox rank sum test, p = 0.07). Ultrafine particle number concentration 
was also lower in the kitchens with improved Justa cookstoves (9.1x104 pt/cm3; SD: 6.9x104 
pt/cm3) compared to kitchens with traditional cookstoves (1.3x105 pt/cm3; SD: 1.1x105 pt/cm3) 
(Wilcox rank sum, p = 0.76). The Spearman correlation between the full sample of 24-hour average 
ultrafine concentration and 24-hour average PM2.5 was 0.73 (N=24), however correlations by stove 
type were high among kitchens with traditional stoves (r=0.91), but only moderate among Justa 
stoves (r=0.55). The use of real-time monitors confirmed that the 24-hour average concentrations 
of PM2.5 and ultrafine particle number concentration (PNC) were highly variable over the course 
of the monitoring period. The maximum values of various averaging windows (1-minute, 5-minute, 
15-minute, and 60-minute) were highly correlated with the 24-hour averages for both PM2.5 and 
PNC.  
The associations between kitchen and personal PM2.5 and black carbon and FeNO were 
consistent with null associations (Aim 2, Chapter 5). Results of the association of household air 
pollution on markers of systemic inflammation were largely inconsistent, however we observed 
associations between C - reactive protein (CRP) and serum amyloid-A (SAA). For example, a 25% 
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increase in personal PM2.5 concentrations resulted in an 8.3% (95% CI: 2.3 – 14.6) increase in SAA 
concentrations after controlling for potential confounders (age, body mass index (BMI), number 
of assets (<2 or ≥2), electricity (yes/no), years of education (<6 or ≥6). Similar results were 
observed between higher kitchen concentrations of black carbon and higher CRP concentrations, 
while there was a suggestive positive association between kitchen PM2.5 and personal black carbon 
with CRP. Associations between household air pollution concentrations and interleukin-1β (IL-1β), 
Intercellular Adhesion Molecule 1 (ICAM-1), and Vascular Cell Adhesion Molecule (VCAM-1), and 
Tumor Necrosis Factor-α (TNF-α) were consistent with the null. The results of effect modification 
analyses by risk factors associated with cardiovascular disease risk were also inconsistent.  
Conclusion 
Results from our study provide fundamental new knowledge regarding levels of household 
air pollution exposure from traditional and cleaner-burning biomass cookstoves and associations 
with markers of airway and systemic inflammation. Our data on 24-hour real-time PM2.5 and 
ultrafine particulate matter concentrations is the first conducted, and offers pilot data that may 
inform future studies. Although we did not observe evidence to support a positive association 
between household air pollution and FeNO, our study has provoked several new questions about 
airway inflammation from different compartments of the airways. Regarding systemic 
inflammation, our results indicate that exposure to household air pollution is associated with 
several markers of systemic inflammation among women in rural Honduras. These findings 
support the hypothesis of a pathway from inhaled particles to systemic inflammation, however 
further investigation is needed to understand differences in inflammatory biomarker response and 
exposure to household air pollution. Our results demonstrating that higher concentrations of 
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household air pollution are associated with higher acute phase proteins, CRP and SAA, supports 
previous epidemiological ambient air pollution literature findings. CRP and SAA are both 
synthesized in the liver and we observed similar effect estimates for both inflammatory markers. 
These findings may provide more specific information regarding the mechanistic pathway from air 
pollution to cardiovascular disease.  
This dissertation outlines the importance of improving the measurement of household air 
pollution concentrations. First, cookstove interventions studies may benefit from understanding 
additional components of household air pollution, such as the variability in concentrations over 
time, perhaps due to cooking behaviors. Second, epidemiological studies may benefit from 
measuring both personal and kitchen concentrations of household air pollution. Additionally, we 
learned that ultrafine particle number concentration may vary across different stove types and 
given the potentially large health implications, could be evaluated in future health models. Finally, 
we demonstrate the relative ease of collecting biomarkers of airway and systemic inflammation in 
field studies. Our cross-sectional health results demonstrate associations with several biomarkers 
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Chapter 1: Introduction 
Approximately 3 billion people worldwide rely on solid biomass fuels, such as wood, coal 
or animal dung, for cooking and heating their homes (Bonjour et al. 2013). The incomplete 
combustion of such fuels in open fires or poorly constructed stoves results in harmful exposure to 
household air pollution (HAP) (Bruce et al. 2015). In 2016, it was estimated that HAP resulted in 
about 2.5 million deaths and 77.5 million disability-adjusted life years (DALYs) (Gakidou et al. 
2017).  Pollutants emitted in the smoke of biomass fuels include volatile organic compounds 
(VOCs), carbon monoxide, and particulate matter (Kim, Jahan, and Kabir 2011). Exposure to the 
incomplete combustion of solid fuels and resulting household air pollution (HAP) is associated with 
a variety of diseases. Respiratory diseases associated with HAP include upper and lower 
respiratory diseases, chronic obstructive pulmonary disease (COPD), tuberculosis, lung cancer, and 
asthma (Gordon et al. 2014; Smith et al. 2014a). Non-respiratory diseases include cardiovascular 
diseases (ischemic heart disease and stroke), cataracts and cancer (Kim, Jahan, and Kabir 2011; 
Smith et al. 2014a).  
Improved Cookstove Technologies 
Household air pollution is a modifiable exposure and improved cookstove technologies 
have the potential to increase cooking efficiency and reduce human exposure to harmful pollution. 
There is no one definition for “improved cookstoves”, however they are designed to improve 
combustion and heat transfer to improve efficiency and reduce emissions (Kshirsagar and 
Kalamkar 2014). Data from cleaner-burning stoves in the laboratory and controlled field tests have 
demonstrated reductions in PM emissions factors by almost 50% compared to traditional 
cookstoves (Roden et al. 2009). Despite laboratory and field testing, there remains little 
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understanding of real-world exposure to household air pollution from different stove types. 
Improved cookstove implementation programs face many challenges to achieving the levels of 
emissions observed in the laboratory due to variations in cooking styles and household 
characteristics which may alter stove performance and efficiency. For example, Roden et al. found 
that field measured particulate emissions in Honduras averaged three times as high as emissions 
measured in the laboratory (Roden et al. 2006). In addition to stove performance, the benefits of 
improved cookstove interventions may only be achieved with complete adoption and proper use 
and maintenance of stoves (Thomas et al. 2015; Urmee and Gyamfi 2014). Barriers to adoption 
and sustained use include issues of financing, user training and support, and perceptions of the 
improved technology (Rehfuess et al. 2014). Additionally, improved cookstove interventions must 
address specific cultural norms and cooking needs in order to be sustainable (Smith et al. 2007). 
Although improved cookstove programs often strive to provide  fuels that emit the fewest 
emissions, such as alcohol-based fuels including liquid petroleum gas (LPG) or ethanol, there is 
often a transition period that requires use of an improved biomass cookstove until the opportunity 
to utilize alcohol-based cookstoves is available and appropriate (Bruce et al. 2015). In Central 
America, improved biomass cookstoves often include a rocket-elbow combustion chamber and a 
chimney (Kumar, Kumar, and Tyagi 2013; Kshirsagar and Kalamkar 2014).  
Study Objectives 
The overall objective of the study was to quantify personal and kitchen levels of exposure 
to household air pollution and to evaluate the association between exposure and specific markers 
of airway and systemic inflammation. We addressed the study objective through three specific 
aims: 
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Aim 1: Characterize fine and ultrafine kitchen particulate matter concentrations from 
traditional stove and cleaner-burning Justa cookstoves utilized in Honduran households. Our 
objectives were to: 
1. Assess ultrafine particle number concentration (PNC) 
2. Compare PM2.5 mass and ultrafine PNC 
3. Compare shorter-term averaging windows to 24-hour concentrations 
Aim 2: Evaluate the cross-sectional association of exposure to household air pollution 
(stove type and measured personal and area concentrations of air pollution) and levels of 
fractional exhaled nitric oxide (FeNO), a marker of pulmonary inflammation, among primary 
female cooks in Honduras using traditional and Justa stoves.  
Aim 3: Evaluate the cross-sectional association between exposure to household air 
pollution (cookstove type and measured personal and area concentrations of air pollution) and 
systemic inflammation among the same participants in Aim 2. We utilized markers of systemic 
inflammation in dried blood spots to assess inflammation: Cytokines: Interleukin-Iβ, Interleukin-6, 
Interleukin-8, and tumor necrosis factor-α; Acute phase proteins: C-reactive protein and Serum 
Amyloid A; Cellular Adhesion Molecules: Intercellular Adhesion Molecule 1 and Vascular Cell 




 Air pollution is comprised of particulates in solid or liquid phases in the atmosphere. 
Particulate air pollutants range in size from as small as 1 nm to as large as 100 µm. Particulate 
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matter has diverse chemical composition, which is highly dependent on the source of origin (World 
Health Organization 2006a). Suspended particle pollutants are classified into distinct size 
categories; coarse PM (aerodynamic diameter less than 10 µm [PM10]), fine PM (aerodynamic 
diameter less than 2.5 µm [PM2.5]), and ultrafine PM (aerodynamic diameter of <0.1 µm). PM10 
and PM2.5 are the two size fractions of particulate matter monitored by the U.S. Environmental 
Protection Agency (EPA) and World Health Organization (WHO) (World Health Organization 
2006a; WHO 2014). The EPA regulatory standards and the WHO air quality guidelines (AQGs) 
reflect public health concerns regarding the impact of exposure to PM10 and PM2.5 (Bernstein et 
al. 2004). Additionally, the WHO guidelines for indoor pollutants include benzene, carbon 
monoxide, formaldehyde, naphthalene, nitrogen dioxide, polycyclic aromatic hydrocarbons, 
radon, trichloroethylene, and tetrachloroethylene (World Health Organization 2010).  
Fine particulate matter (PM2.5) 
 Our study focused on exposure to PM2.5 from cookstoves. The WHO guideline for the mean 
concentration of PM2.5 over a 24-hour period is 25 ug/m3 (World Health Organization 2006a). 
Additional interim targets (IT) have been set for 24-hour mean PM. Interim target 1 (IT-1) is set to 
75 ug/m3, IT-2 is 50 ug/m3 and IT-3 is 37.5 ug/m3 (World Health Organization 2006b). These interim 
targets have been set in order to provide guidelines for incremental steps in air quality 
improvement where baseline levels of pollution are high. Although improved cookstove 
interventions often reduce HAP, field evaluations demonstrate that solid biomass cookstoves are 
often ten times higher than the IT-1 (Bruce et al. 2015). 
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Gravimetric measurement of PM2.5 
Exposure to PM2.5 can be measured using either gravimetric sampling or optical direct-
reading instruments. Gravimetric sampling is the “standard” of measuring PM2.5 as it directly 
measures PM mass concentration using a filter that is weighed before and after sampling. The 
filter in gravimetric sampling is placed in a size-selective cyclone designed to capture particles of 
a certain size and limit loss of mass (Northcross et al. 2015). However, the standard, gravimetric 
sampling can be expensive (approximately $15 a sample) and appropriate laboratory space and 
equipment are needed for analysis (Northcross et al. 2015; Carter et al. 2017).   
Real-time measurement of PM2.5 
The measurement of PM2.5 can be also be done with optical direct-reading instruments. 
These instruments often utilize light scattering techniques to measure particle concentrations. 
Particles can be sampled either in passive or active modes (Northcross et al. 2015). Direct-reading 
light scattering techniques are only suitable for particles with a diameter from 300 nm to 10 µm 
where the light scattered is proportional to the mass concentration (Koehler and Peters 2015). 
Direct-reading instruments allow for sampling of particulate matter on a continuous basis and can 
have resolution up to one second. Although gravimetric measurements are considered the gold 
standard due to improved accuracy of emissions measurements, temporal variability cannot be 
captured using the a daily average. Temporal variability and peaks in emissions can be measured 
and described using real-time measurements and may provide improved insight into personal 
exposure and the impact of short-term impacts of exposure (Ezzati and Kammen 2002; Koehler 
and Peters 2015). 
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Ultrafine particulate matter 
Ultrafine particulate matter is defined as particles with a diameter less than 0.1 µm (100 
nm). Due to their relative low size and cubic diameter, ultrafine particles do not contribute much 
to overall mass concentrations, but dominate the particle number concentration (PNC) (Koehler 
and Peters 2015). Therefore, monitoring of ultrafine particles requires direct reading instruments 
rather than gravimetric methods. Several direct reading instruments are available for measuring 
ultrafine particles. Traditionally, the “gold standard” for sizing aerosol nanoparticles is the 
Scanning Mobility Particle Sizer (SMPS), while the particle number concentration is often assessed 
with condensation particle counters (CPCs) (Koehler and Peters 2015; Asbach et al. 2012). While 
the SMPS has excellent size resolution, the instrument is expensive and bulky and not well suited 
for field measurements (Mills, Hong Park, and Peters 2013). Similarly, handheld CPCs, such as the 
P-trak, are often used for field monitoring (although not personal monitoring), but are again 
limited by cost and size (Koehler and Peters 2015). Direct reading instruments, such as the 
DiSCmini, are a relatively new technology for field and personal monitoring of ultrafine particles. 
In both laboratory and field tests, the DiSCMini demonstrates high correlation and ±30% accuracy 
with CPCs tested in the same settings (Asbach et al. 2012; Mills, Hong Park, and Peters 2013; Bau 
et al. 2017; Meier, Clark, and Riediker 2013; Viana et al. 2015; Martin Fierz, Keller, and Burtscher 
2009), making it an potentially appropriate field monitor for ultrafine particles.  
Black Carbon 
 Particulates produced from biomass burning are known to have three main components; 
particulate organic carbon, black carbon (soot), and a small proportion of inorganic species. 
Organic carbon (OC) is defined by the carbon in the organic compounds. Black carbon (BC) has no 
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standard definition, but is typically defined as a high light-absorbing carbon-based material 
produced from incomplete combustion (Reid et al. 2004; Long, Nascarella, and Valberg 2013). 
Black carbon is a concern in air pollution research because it is the primary sunlight absorbing 
aerosol species and contributes to climate change radiative forcing in the Earth’s atmosphere 
through the absorption of solar rays and global warming radiation (Kirchstetter and Novakov 
2007). Black carbon is routinely measured using quartz filter samples using thermal or thermal-
optical analysis (TOA) where samples are heated and carbon is oxidized to measurable CO2 (Reid 
et al. 2004; Kirchstetter and Novakov 2007) . Another frequently used technique to measure black 
carbon uses optical absorption techniques, estimating the concentration of BC based on the 
transmission of light on a filter sample using an optical transmissometer (Reid et al. 2004). 
Additional absorption photometers for real-time measurements of light absorption from PM are 
also available, such as aethalometer (Janssen et al. 2012). In addition to the environmental impacts 
on climate change, studies of the black carbon component of PM have demonstrated harmful 
health impacts different to PM mass (Janssen et al. 2011). Although the mechanistic differences 
are unknown, research provides some evidence that the health effect estimates from several 
cohort studies of exposure to black carbon and PM2.5 were higher for black carbon than PM2.5 
(Janssen et al. 2011). 
Personal vs. Kitchen Exposure Measurements 
 Exposure to household air pollution can be measured at the level of the microenvironment 
(kitchen or household) or personal level. Concentration levels within a microenvironment can vary 
greatly depending on where the exposure monitors are placed, due to substantial spatial and 
temporal variability within a house (Ezzati and Kammen 2002; Northcross et al. 2015). Exposure 
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measurements often vary in monitoring time, but typically aim to capture a 24 or 48-hour time 
interval. Until recently, most exposure assessment in the field of household air pollution relied on 
microenvironment or kitchen-level measurements. Measurements of personal exposure may 
reduce exposure-response uncertainty, but  requires participants to wear monitors or samplers 
that must be small in size, low weight and have the potential to be battery operated (Asbach et al. 
2017). The personal sample integrates exposure measurements across space and time but 
requires compliance of the wearer. Personal sampling can utilize gravimetric or real-time 
monitoring techniques. Exposure assessment at the personal level is vital in improving the 
quantification of exposure to HAP in order to evaluate health endpoints and reduce uncertainty in 
exposure-response assessments (Clark et al. 2013). Although personal measurements provide 
some improvement in exposure classification, there remain difficulties in capturing health-
relevant time periods of exposure, especially when evaluating chronic disease outcomes such as 
cardiovascular disease. 
Cookstove Technology and Exposure 
 Improved cookstoves are those designed using scientific principles to improve combustion 
efficiency and heat transfer in order to improve cooking efficiency and reduce emissions 
(Kshirsagar and Kalamkar 2014). Improved cookstove designs can be categorized based on five 
different characteristics: combustion chamber type, air flow, fuel loading system, fuel type and 
heat transfer system (Still, Bentson, and Li 2014). One common improved biomass cookstove, such 
as the Justa, in Central America consists of an elbow-shaped “rocket” combustion chamber. (Still, 
Bentson, and Li 2014). Firewood is loaded from the front of the stove into the combustion 
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chamber and air flows through the chamber through a chimney. Heat is transferred for cooking 
through a metal griddle “plancha” (Scott, n.d.).  
Laboratory Measures of Cookstove Emissions 
 Several laboratory tests have compared emissions from a variety of improved cookstoves. 
These laboratory tests demonstrate that improved cookstoves have the potential to reduce 
harmful emissions of particulate matter, carbon monoxide and black carbon (Just, Rogak, and 
Kandlikar 2013; Garland et al. 2017; Jetter et al. 2012; Shen et al. 2012; Still, Bentson, and Li 2014). 
A laboratory test by MacCarty, Still and Ogle found that rocket stoves can reduce PM emissions by 
about 46% on average compared to traditional three-stone fires (MacCarty, Still, and Ogle 2010). 
Only a few studies have tested the emissions of ultrafine particles from traditional and improved 
cookstoves. Results suggest a shift to smaller particle sizes with improved combustion as well as 
increased number of smaller particles (Just, Rogak, and Kandlikar 2013; L’Orange, Volckens, and 
DeFoort 2012; Shen et al. 2012).  
Field Measures of Cookstove Emissions 
 Typical 24-hour kitchen concentrations of PM2.5 among households using biomass 
traditional stoves vary significantly across stove types and locations, but are consistently 2 to 10 
times higher than the WHO IT-1 annual level of 35 µg/m3. A World Health Organization literature 
review of studies of indoor particulate matter concentrations from 46 studies in developing 
countries from 1997-2011 provides “pooled” PM concentrations. The pooled mean was calculated 
by summing the average concentration and sample sizes from individual studies and dividing by 
the total sample size.  The pooled mean for PM2.5 indoor concentrations (N=19) from household 
air pollution was 972 µg/m3 (standard deviation: 876 µg/m3) (Balakrishnan et al. 2014). The pooled 
10 
24-hour average personal PM2.5 concentration from traditional cookstoves was estimated to be 
267 µg/m3 with a standard deviation of 297 µg/m3 (Balakrishnan et al. 2014).  
Improved cookstove interventions often fail to reach the same emissions reductions as 
observed in the laboratory setting. This is due to a variety of reasons including household 
ventilation, fuel type and moisture content, cooking practices, continued use of other stoves, and 
poor stove maintenance. Many improved cookstove interventions fail to see significant exposure 
reductions a year after implementation. Exposure measurements for improved cookstove 
implementations have occurred across the globe, but comparison across studies is complex due 
to variability in exposure methods. For example, there are differences in exposure measurement 
locations (kitchen vs. personal), averaging period for exposure assessment (8 hour vs. 24 or 48 
hour), time of monitoring after the intervention (1 week vs. 4 years), and pollutants measured 
(PM2.5 or carbon monoxide) (Thomas et al. 2015). Overall, improved cookstoves implementations 
have resulted in an estimated 25-85% reduction in average exposure as compared to 
measurements of traditional stoves (Balakrishnan et al. 2014), but additional studies are needed 
to understand the success of interventions. 
Health Outcomes of Interest: Fractional Exhaled Nitric Oxide 
Nitric Oxide 
Nitric oxide (NO), an essential signaling molecule in mammals and humans, is involved in a 
multitude of physiological functions. Under normal physiological conditions, nitric oxide has 
effects on non-adrenergic and non-cholinergic neurotransmission. NO acts as a mediator of both 
vascular and non-vascular smooth muscle relaxation and protects against airway 
hyperresponsiveness (Taylor et al. 2006; Dweik et al. 2011). Nitric oxide has a short half-life of 1-5 
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seconds (Ricciardolo 2003). NO is synthesized by the amino acid L-arginine and catalyzed by three 
different nitric oxide synthases (NOS); 1. Constitutive NOS, 2. Inducible NOS, 3. Neuronal NOS 
(Dinh-Xuan 1992; Bowler and Crapo 2002; Ricciardolo 2003). Constitutive endothelial NOS (eNOS) 
is primarily found in the respiratory endothelium, nerve endings, and blood vessels and works to 
dilate blood vessels (Bowler and Crapo 2002). Neuronal NOS (nNOS), located in the nerve 
terminals, produces nitric oxide to dilate airway smooth muscle (Bowler and Crapo 2002). Under 
pathological conditions, nitric oxide acts a pro-inflammatory mediator which may induce airway 
hyper responsiveness (Taylor et al. 2006).  The third nitric oxide synthase, inducible NOS (iNOS), is 
not present in resting cells (Aktan 2004), but is induced by pro-inflammatory cytokines, such as 
interleukin-1β and tumor necrosis factor alpha (TNF-α), in the respiratory epithelium (Bowler and 
Crapo 2002; Ricciardolo 2003; Jiang and George 2011; Lane et al. 2004).  
Exhaled Nitric Oxide 
Of the three different nitric oxide synthases that synthesize NO, it is evident that inducible 
NOS (iNOS) is the predominant actor in NO production under pathological conditions. The iNOS 
found in respiratory epithelium is activated by cytokines and macrophages (Bowler and Crapo 
2002) and allows for the release of large quantities of pro-inflammatory NO from airway epithelial 
cells (Ricciardolo 2003; Shin et al. 2012). Exhaled nitric oxide in human breath has been identified 
as a possible biomarker for pathophysiological lung diseases including asthma and a general 
marker of airway inflammation (Dweik et al. 2011; Jones et al. 2001; S. A. Kharitonov et al. 2003; 
S. A. Kharitonov, Yates, and Barnes 1995). Research shows that iNOS is the main source of NO in 
exhaled breath and originates in the airway epithelia (Lane et al. 2004; Ricciardolo 2003; Jiang et 
al. 2009; Dweik et al. 2011; Guo and Erzurum 1998).  
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Measuring FeNO 
Fractional exhaled nitric oxide (FeNO) has been identified as a simple, reproducible, 
noninvasive biomarker of eosinophilic airway inflammation (Munakata 2012; S. P. Eckel and Salam 
2013; Ricciardolo 2003; Dweik et al. 2011). Several measurement techniques have been developed 
to quantify the amount of nitric oxide in exhaled breath (Munakata 2012). “Online” measurement 
devices display real-time NO breath profiles while “offline” testing involves collecting exhaled 
breath in a bag for delayed analysis (Silkoff 2005).  
FeNO levels are flow dependent and an inverse of function of exhaled flow rate (Tsoukias and 
George 1998). Varying the flow rate at which FeNO measurements are collected may allow 
researchers to partition the source of nitric oxide into two distinct anatomical regions; the 
proximal and distal airways (Tsoukias and George 1998; S. P. Eckel and Salam 2013; Dweik et al. 
2011; Puckett et al. 2010; Tsoukias et al. 1998; Olivieri et al. 2006). The current American Thoracic 
Society (ATS)  standard is for a flow rate of 50 ml/sec, providing information from the proximal 
airways (Hogman et al. 1997; Dweik et al. 2011; Silkoff et al. 1997). FeNO measured or calculated 
for a higher flow rate, such as 270 ml/sec (FeNO270), may be associated with airway inflammation 
from the distal compartment (S. P. Eckel and Salam 2013; George et al. 2004). 
Several different instruments are available to measure FeNO. Chemiluminescence 
instruments measure NO indirectly via light generation due to a chemical reaction with ozone and 
can measure NO at different flow rates. Varying the flow rate at which FeNO measurements are 
collected may allow researchers to partition the source of nitric oxide into two distinct anatomical 
regions; the proximal and distal airways (Eckel & Salam, 2013; Tsoukias & George, 1998). These 
instruments are large and expensive, and generally used in clinical applications. Electrochemical 
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sensor instruments are handheld devices that measure NO concentrations with a chemical signal. 
Electrochemical analyzers are cost effective, but only measure FeNO at 50 ml/sec, giving an 
approximation of exhaled nitric oxide from the proximal airways (Horváth et al. 2017). Although 
research has explored exhaled nitric oxide for a variety of health endpoints and environmental 
exposures, the main clinical application for fractional exhaled nitric oxide is for monitoring 
eosinophilic asthma (Bucca et al. 2012). Using FeNO to measure nitric oxide in the human body 
has many advantages compared to lung function tests, including ease of use of the 
instrumentation, the ability to collect repeated measures, and the noninvasive nature of the test 
(Dweik et al. 2011). Several factors are associated with differing FeNO levels among individuals 
including a person’s age, gender, height, smoking status, use of anti-inflammatory medications, 
nasal NO contamination, and the type of NO analyzer used (Dweik et al. 2011; Dressel et al. 2008; 
A.-C. Olin 2006; Olivieri et al. 2006).  
The clinical use of FeNO as a marker of airway inflammation has typically been reserved for 
the monitoring of eosinophilic asthma. The American Thoracic Society (ATS) states that FeNO 
measurements in patient care can assist in detecting eosinophilic airway inflammation, determine 
the need for corticosteroids and the likelihood of corticosteroid responsiveness (Dweik et al. 
2011). Patients with asthma demonstrate high levels of iNOS enzyme expression in epithelial cells 
in their airways and have high levels of exhaled NO in their breath (Dweik et al. 2011; S. Kharitonov 
et al. 1996). Although FeNO is mainly utilized for monitoring asthma, several studies have 
demonstrated elevated FeNO levels among groups with self-reported respiratory tract infections 
(Dressel et al. 2008; S. Kharitonov et al. 1996; S. A. Kharitonov, Yates, and Barnes 1995), among 
those who have allergies, rhinoviruses (Proud 2005; De Gouw et al. 1998), decreased airway 
14 
responsiveness (Salome et al. 1999) and atopy (A.-C. Olin 2006; A. C. Olin, Alving, and Torén 2004). 
Although less commonly used in healthy adult populations, studies utilizing FeNO measurements 
have explored the associations of air pollutants among healthy adults, especially the elderly who 
may have increased susceptibility to air pollution (Adamkiewicz et al. 2004; Dubowsky Adar et al. 
2007; Vossoughi et al. 2014).  
Mathematical Two-compartment models 
With recent evidence that exhaled nitric oxide is flow dependent, several two 
compartment models have been developed to assess nitric oxide in conducting airways (proximal 
compartment) and the alveolar region of the lungs (distal compartment) (Tsoukias and George 
1998; S. P. Eckel and Salam 2013; George et al. 2004; Jorres 2000). Measuring FeNO at various 
flow rates allows for the partitioning of exhaled nitric oxide into proximal and distal sources with 
a low flow rate providing information on proximal airway sources and a high flow rate providing 
information on a the distal alveolar sources (S. P. Eckel and Salam 2013). The mathematical 
models, either linear or non-linear, account for the increasing cross-sectional area of airways, and 
calculate tissue concentration of NO of the airway wall and diffusion capacity of NO from the 
airway wall (Horváth et al. 2017).  The mathematical models require FeNO values from at least 3 
different flow rates. Non-linear models utilize 3 flows (low: <20 ml/sec, medium: 100 ml/sec, and 
high: 350 or 400 ml/sec). Linear models utilize FeNO at 50 ml/sec and then three increasing 
exhalations at least 100 ml/sec and up to 400 ml/sec. A minimum of two measurements is required 
at each flow rate (Horváth et al. 2017). Using mathematical modeling to assess FeNO can increase 
understanding of physiological processes associate with NO in conducting airways and small 
airways. 
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Measurement of FeNO using the NIOX Mino 
The NIOX Mino (Aeorcine AB, Sweden) is a portable electrochemical instrument that 
measures online fractional exhaled nitric oxide in human breath following the guidelines for NO 
measurement established by the American Thoracic Society. The NIOX Mino is suitable for children 
aged 7-17 and adults aged 18 and older. In order to conduct a FeNO measurement, each 
participant empties their lungs, inhales deeply to total lung capacity through the filter, and then 
exhales slowly through the filter into the device. The exhalation must last ten seconds, with the 
last three seconds of the exhalation analyzed by a calibrated electrochemical sensor to provide a 
measurement in parts per billion (ppb). The NIOX Mino is set to measure FeNO at 50ml/sec 
(Harnan et al. 2015). The NIOX Mino uses an external quality control to ensure the system is 
operating within its specifications. One daily quality control test is performed by a qualified staff 
member (Aerorine 2014).  
Health Outcomes of Interest: Inflammatory Markers 
Inflammation and Cardiovascular Disease 
 Inflammation, characterized as either acute or chronic, is a series of coordinated immune 
responses to tissue damage caused by physical trauma or external pathogens (Zhou et al. 2010). 
The cascade of events in inflammatory response provides a number of potentially useful 
measurable markers of cardiovascular disease (Pearson et al. 2003).  
Biomarkers of Cardiovascular Disease 
Cytokines and chemokines 
Cytokines are a group of small soluble proteins that play key roles in mediating acute 
inflammatory reactions (Zhou et al. 2010). Monocytes are one type of cell that produce cytokines, 
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including Interluekin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), and chemokines, interluekin-
8 (IL-8),  through the innate immune system that works to recognize pathogens that do not occur 
in mammalian cells (Borish and Steinke 2003). Most cytokines have multiple sources, multiple 
targets, and multiple functions (Gabay and Kushner 1999). IL-1 cytokines, including IL-1β, have an 
important role in activating T lymphocytes to enhance the production of IL-2, without which there 
would be a diminished immune response.  IL-1β also stimulates the synthesis of acute phase 
proteins such as C - reactive protein (CRP). TNF-α is a pro-inflammatory cytokine activated by 
macrophages, monocytes, fibroblasts, mast cells and T cells (Feghali and Wright 1997). IL-6 is also 
a pro-inflammatory cytokine involved in driving chronic inflammation. IL-8 is a low molecular 
weight chemokine and is responsible for the migration, activation, and recruitment of neutrophils 
at the site of inflammation. TNF- α, IL-8, and IL-1 β interact with endothelial cells to induce cellular 
adhesion molecules (Borish and Steinke 2003).   
Cellular Adhesion Molecules 
Endothelial activation is a fundamental event in cardiovascular disease and is initiated by 
the attachment of monocytes and lymphocytes to endothelial cells. This attachment is initiated by 
cellular adhesion molecules, induced by cytokines such as TNF-α, IL-1β, and CRP (Szmitko 2003). 
This endothelial cell activation and adhesion molecule expression is the first step in a pathway of 
atherosclerosis (Calderón-Garcidueñas et al. 2008). Intercellular adhesion molecule-1 (ICAM-1) 
and vascular cellular adhesion molecule (VCAM-1) are adhesion proteins from the immunoglobulin 
family and are upregulated by cytokines and may be used as markers indicative of damage of the 
endothelium (Blann and Lip 2000).  
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Acute Phase Proteins 
Acute-phase proteins are defined as proteins whose plasma concentration increases or 
decreases by at least 25% during inflammatory disorders and includes C-reactive protein (CRP) and 
serum amyloid A (SAA) (Gabay and Kushner 1999). C-reactive protein is synthesized in the liver 
hepatocytes in response to IL-6. Under acute inflammation, CRP increases during the first 6-8 
hours and is considered a biomarker of the process of endothelial dysfunction (Teixeira et al. 
2014). In addition, C-Reactive protein increases IL-8 protein to promote monocyte-endothelial cell 
adhesion (Paffen and deMaat 2006). CRP levels that are only slightly elevated for a prolonged 
period of time are indicative of low-level chronic inflammation (Paffen and deMaat 2006). 
Although research is still determining if CRP has a “causal role” in cardiovascular disease, CRP is 
well-established as a marker of cardiovascular disease “risk”. A number of prospective cohort 
studies have demonstrated that increased levels of CRP are associated with increased risk of 
coronary heart disease among both genders, in a variety of age ranges and ethnic groups (Madjid 
and Willerson 2011). 
Serum amyloid A is similar to CRP in that it is released in the liver in response to pro-
inflammatory cytokines such as IL-6, IL-1 and TNF. The concentration of SAA increases rapidly 
during acute inflammation and may increase as much as 1000 times within 5-6 hours (Figure 1.3) 
(Targońska-Stępniak et al. 2014). Unlike CRP however, the actions of SAA are largely unknown but 
may also include the induction of adhesion molecules. The concentrations of SAA usually coincide 
with those of CRP, however some studies indicate SAA to be a more sensitive marker to 
inflammatory disease than CRP (Gabay and Kushner 1999). 
18 
Measuring Biomarkers of CVD 
Biological markers, biomarkers, are the “cellular, biochemical or molecular alterations that 
are measurable in biological media such as human tissues, cells, or fluids” (Mayeux 2004). Two 
major classifications of biomarkers exist: biomarkers of exposure, used in risk prediction and 
biomarkers of disease, which are used in screening and diagnosis (Mayeux 2004). Cytokines, 
cellular adhesion molecules, and acute phase proteins are all possible biomarkers of systemic 
inflammation (Keustermans et al. 2013). CRP has emerged as one of the most potentially useful 
biomarkers associated with cardiovascular disease risk. The use of CRP as a biomarker of CVD is 
not necessarily because it plays a more causal role than other biomarkers, but may be due to the 
analytic properties of the biomarker. For example, CRP has low within-person variability, lack of 
diurnal variability, is not impacted by food intake,  and has a wide measurement range (Jenny and 
Cushman 2014; Ridker 2003).  
Inflammatory Markers in Dried Blood Spots 
Inflammatory markers of inflammation are most commonly assessed in plasma or serum 
blood samples (Keustermans et al. 2013). Dried blood spots (DBS) are drops of whole blood 
collected on filter paper via a finger prick from a patient (McDade, Williams, and Snodgrass 2007). 
The use of DBS in research and clinical applications began as early as the 1960s with the use of 
heel-prick samples in newborns (McDade, Williams, and Snodgrass 2007). Inflammatory markers 
measured in DBS samples have grown in utility over the past few decades in both clinical and 
research applications due to the increased convenience, low-cost, and reliability of the methods 
(E. M. Miller and McDade 2012).  
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DBS samples are relatively easy to collect. First a participant’s finger is cleaned with alcohol 
and then pricked with a sterile, disposable lancet. The first drop of blood is wiped away and then 
the following blood drops are applied to filter paper. Each drop should be placed in the proper 
position on the sample card and be approximately the same size. The drops are dried on the filter 
paper overnight and then stored in plastic bags with desiccant and a humidity indicator card 
(McDade, Williams, and Snodgrass 2007).  Long-term storage of the samples must be done in a 
laboratory-grade freezer. The analysis of DBS is similar to those for plasma or serum samples, 
however the sample must be hole-punched from the filter paper and be brought into a solution.   
Using DBS samples for field-based research has several advantages including the relatively 
painless and noninvasive method for collection, no need for centrifuging, and the ability for the 
samples to remain stable while frozen. While it has advantages in the field setting, the analysis and 
interpretation of DBS has some challenges. First, most laboratory protocols for inflammatory 
markers are designed for plasma or serum samples and many laboratories are unfamiliar with 
protocols to analyze DBS. Additionally, inflammatory markers in DBS may not be directly 
comparable to concentrations of markers in plasma or serum. Research has shown that there are 
high correlations between serum and DBS samples (Skogstrand et al. 2008; Qian 2015; E. M. Miller 
and McDade 2012; Schmid et al. 2004), and correction factors could be developed and applied to 
DBS to derive plasma equivalents if needed (McDade, Williams, and Snodgrass 2007). The use of 
clinical cut points (such as 3 mg/L for CRP) may not be valid in DBS samples (McDade, Williams, 
and Snodgrass 2007).  
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Hypothesized Mechanisms for Air Pollution and CVD 
 Toxicological and animal studies demonstrate that particulate matter promotes the 
recruitment of monocytes into atherosclerotic plaques resulting in atherosclerosis (Yatera et al. 
2008; Polichetti et al. 2009). Epidemiologic studies provide evidence that short term exposure to 
particulate matter is associated with an increased risk of hospitalization for myocardial infarction 
and premature mortality (Polichetti et al. 2009; Pope 2000; Franklin, Brook, and Arden Pope 2015; 
Gold and Mittleman 2013; Newby et al. 2015). Air pollution particulate matter has been 
hypothesized to impact cardiovascular disease through several potential mechanistic pathways. 
One proposed mechanism of the impact of particulate matter air pollution on cardiovascular 
disease stems from inhaled particles that are deposited into the lungs, resulting in the release of 
pro-inflammatory mediators, such as cytokines, contributing to overall systemic inflammation (R. 
D. Brook et al. 2010). This potential mechanistic pathway is often considered the “spillover” 
pathway in which oxidative stress mediators produced in the lungs “spillover” into systemic 
circulation (Franklin, Brook, and Arden Pope 2015). More specifically, particulate matter 
deposition in pulmonary tissue initiates oxidative stress and redox-pathways are activated leading 
to the production of pro-inflammatory cytokines. It is hypothesized that this response may not be 
confined to the lungs, but may “spillover” from the lungs into systemic circulation (Franklin, Brook, 
and Arden Pope 2015). 
The second hypothesized pathway includes particulate matter impacting the lung 
receptors and resulting in autonomic nervous system imbalance. The third pathway results in 
particulate matter, such as ultrafine PM, penetrating directly into the blood stream and 
cardiovascular tissue (Franklin, Brook, and Arden Pope 2015). In the hypothesized pathways 2 and 
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3, lung receptors “sense” particulate matter and autonomic afferent reflexes may become 
activated and elicit systemic autonomic nervous system responses. The autonomic imbalance has 
been associated with alterations in heart rate, blood pressure, and chronic disease states such as 
hypertension (Franklin, Brook, and Arden Pope 2015).This dissertation will focus primarily on 
pathway number 1, the “spillover” mechanism, however the chapters on ultrafine particles may 
have relevance to health outcomes through the third, direct pathway. 
 A meta-analysis compiled estimates of exposure to PM2.5 and all-cause cardiovascular 
mortality (Atkinson et al. 2014). The results of 23 single-city studies were pooled together and 
provide evidence that short-term exposure to 10 µg/m3 of PM2.5 was associated with increases in 
a 0.84% increase cardiovascular disease (95% CI: 0.41 – 1.28%) (Atkinson et al. 2014).  In 2013 a 
meta-analysis was conducted of cohort studies of long-term air pollution exposure and 
cardiovascular disease mortality. The review provides a pooled effect of an 11% increase in 
cardiovascular mortality (95% CI: 5-16%) for every 10 µg/m3 increase in PM2.5 (Hoek et al. 2013). 
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Chapter 2: Literature review  
Exposure to Household Air Pollution 
Real-Time Exposure Monitoring 
Exposure to household air pollution is typically quantified using gravimetric sampling, a 
standard method in which a time-integrated sample of PM is collected onto a filter over a fixed-
sampling period (often 24-hour or 48-hours) (Northcross et al. 2015). Although gravimetric 
sampling is most often used in assessing the health outcomes associated with household air 
pollution, continuous real-time, or time-resolved, measurements may provide additional insight 
into PM concentrations with respect to temporal variability or intensity of exposure with cooking 
events (Northcross et al. 2015).  The real-time concentrations can be collected in resolutions of 
seconds or minutes and may provide important clues into changes in cooking habits or stove use 
with the introduction of an improved cookstove. Additionally, researchers can assess elevated 
levels of PM concentrations at various time intervals using real-time data.  
Studies that have implemented real-time PM measurements in field settings have explored 
temporal variability of cookstove emissions and characterized intensity of exposure (Carter et al. 
2016; Chen et al. 2016; Ezzati, Mbinda, and Kammen 2000; Van Vliet et al. 2013; Park and Lee 
2003; S. L. Fischer and Koshland 2007).  
Such studies have found that short-term concentrations of elevated PM2.5 constitute a 
substantial portion of daily exposure (Van Vliet et al. 2013). For example, Van Vliet et al. observed 
that reducing the overall highest 1-5% of the PM2.5 concentrations in Ghana field study reduced 
mean exposure by 49-75% (Van Vliet et al. 2013). For example, Park and Lee observed peak values 
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between 32-39 times higher than 24-hour averages among traditional and improved biomass 
stove users in Costa Rica (Park and Lee 2003). 
 Twenty-four hour average exposure to PM2.5 in Central America varies by study location 
and stove type. For example, in Costa Rica average daily PM2.5 concentrations among 23 houses 
was 44 µg/m3 (SD: 31) (Park and Lee 2003). In Honduras, Clark et al. observed a mean 8-hour 
average personal PM2.5 concentration of 133.5 µg/m3 (SD: 114.9 µg/m3) among 58 women (Clark 
et al. 2010). Eight-hour kitchen PM2.5 concentrations among 57 households averaged 614.9 µg/m3 
(SD: 847.5 µg/m3) (Clark et al. 2010).  
Ultrafine Particulate Matter  
Evidence suggests that particles with diameters less than 0.1 µm (ultrafine particles) are 
the most likely to penetrate deep into the lungs, resulting in oxidative stress and systemic 
inflammation. (Ken Donaldson and Stone 2003; K Donaldson et al. 2001; Brauer et al. 2001; R. D. 
Brook et al. 2010; Brauner et al. 2007). Little is known about in-home ultrafine particle 
concentrations from traditional or improved cookstoves due to the logistical and monetary 
barriers of monitoring ultrafine particles in field settings. Laboratory studies have been conducted 
with varying results. Some laboratory emissions studies have suggested that improved cookstoves 
may emit fewer ultrafine particles compared to traditional cookstoves (such as a three-stone fire) 
(Jetter et al. 2012), while other studies have suggested that improved force-draft gasifiers, may 
increase ultrafine particles due to improved combustion efficiency despite their ability to 
substantially reduce emissions of PM2.5 mass compared to traditional stoves (Just, Rogak, and 
Kandlikar 2013). In addition to being driven by the cookstove design, ultrafine particle emissions 
may depend on cooking practices. For example, ultrafine concentrations emitted during cooking 
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events with modern stoves (e.g., gas range stoves) in developed countries depend on type of 
cooking (i.e. grilling or frying), cooking temperature, and cooking phase (Zhang et al. 2010; Lunden, 
Delp, and Singer 2015). Particle size distribution data from solid-fuel stoves in China provide 
additional evidence that particle number and particle size may depend on fuel feeding practices 
and the power output of the stove (X. Li et al. 2007).  
Given the potential adverse health effects associated with ultrafine particles, we must 
measure ultrafine particle number concentrations from both traditional and cleaner-burning 
cookstoves. Health and risk assessments have been estimated based entirely on PM2.5 mass 
exposure (Armendáriz-Arnez et al. 2010; Jetter et al. 2012; Smith et al. 2014b); therefore, if the 
correlations between emissions of ultrafine particles and PM2.5 mass are dissimilar for various 
improved cookstoves, the health improvements thought to be associated with cleaner-burning 
cookstoves may be inaccurate. To our knowledge, only one study has used a portable monitor to 
measure ultrafine particle number concentration from traditional and improved biomass 
cookstoves in the field (de la Sota et al. 2018). Among 6 households in Senegal, de la Sota used the 
DiSCMini observed lower ultrafine particle number concentration (PNC) during cooking events 
among improved biomass stove users (Median PNC 1.5x106 pt/cm3) compared to traditional 
biomass stove users (Median PNC 2.2x106 pt/cm3)  (de la Sota et al. 2018). The mean number 
concentration observed during a cooking period was 2.5 x 106 pt/cm3 among traditional stoves 
and 1.71 x 106 pt/cm3 for improved rocket stoves (de la Sota et al. 2018).  
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Association of FeNO and Air Pollution  
Chamber Studies 
The association between particulate matter and FeNO has been evaluated in several 
chamber studies in which participants were directly exposed to wood smoke. The results of the 
studies demonstrate mixed results regarding the impact of particle exposure on FeNO levels. A 
study by Pietropaoli et al. found no association between ultrafine particles and FeNO from the 
distal airways and Sehlstedt et al. found no association between exposure to wood smoke and 
FeNO measured at four different flow rates (Pietropaoli et al., 2004; Sehlstedt et al., 2010).  Other 
chamber studies, have found mixed results between exposure to wood smoke and the association 
with FeNO at different flow rates. For example, Barrgard et al. conducted a chamber study in which 
13 participants were exposed to clean air for 4 hours and then wood smoke for 4 hours, 1 week 
apart (L Barregard et al. 2008). The authors found a net increase in FeNO270 (flow rate of 270 
mls/sec) from distal airways among subjects 3 hours post exposure, after adjusting for clean air, 
but no change in FeNO50 from the proximal airways (L Barregard et al. 2008). In another study of 
13 participants, Stockfelt et al. exposed subjects to filtered air for 3 hours, wood smoke from stove 
start-up and burning cycle one week later, and wood smoke from a burn-out phase and wood 
burning cycle two weeks later (Stockfelt et al. 2012). Stockfelt et al. collected FeNO measurements 
at two exhalation flow rates, 50 and 270 mL/sec and found a high correlation between FeNO50 and 
FeNO270. After adjusting for clean air, FeNO measured at 50 mls/sec increased significantly after 
exposure to burn-out session; FeNO50 increased 12% after 23-hours and 19% after 47 hours post-
exposure.  FeNO measured at 270 mls/sec also increased significantly following exposure to wood 
smoke start-up and burn-out sessions 23 and 47 hours post-exposure. FeNO270 increased 
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significantly after exposure in start-up and burn-out sessions (compared to filtered air), while 
FeNO50 only showed a significant increase after exposure in the burn-out session after adjusting 
for filtered air (Stockfelt et al. 2012). The authors caution the interpretation of the FeNO270 
association because it may be due to a relative increase due a high FeNO at baseline, and shed 
light into the inconsistency of the null finding compared to the significance in their previous study 
(L Barregard et al. 2008).   
Outdoor Air Pollution 
Most of the research investigating the potential link between air pollution and exhaled 
nitric oxide has focused on ambient outdoor air pollution or traffic-related air pollution. The results 
on the association between ambient air pollution and exhaled nitric oxide are mixed, which may 
in part be due to different experimental approaches and exposures (Holgate et al. 2003). Among 
healthy adults, FeNO concentrations have been shown to increase significantly due to ozone (Yoda 
et al. 2014) and ambient carbon monoxide (CO) (Van Amsterdam et al. 1999). In addition, among 
the healthy elderly population, an interquartile range  increase in 24-hour average of PM2.5 was 
associated with a 1.45 ppb increase in FeNO (95% confidence interval [CI]: 0.33-2.57) 
(Adamkiewicz et al. 2004). Another study conducted among the elderly following a bus trip, 
demonstrated a pre-trip change in FeNO50 of 17.0% (95% CI: 6.7-28.2) per interquartile range 
increase in previous 6-hour average PM2.5 exposure. (Dubowsky Adar et al. 2007). Among 12 
healthy urban cyclists, Strak et al. found that 6-hours after cycling a 100µg/m3 change in PM10 
exposure was associated with a -0.97 change in FeNO (standard error: 9.09, p-value=0.92) (Strak 
et al. 2010).  
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Increased levels of acute ambient air pollution including PM10, black carbon, and ozone 
have also been associated with significantly increased levels of FeNO among healthy children 
(Graveland et al. 2011; De Prins et al. 2014; Nickmilder et al. 2007; P. H. Fischer et al. 2002). For 
example, for every 148.8 µg/m3 increase in 24-hour ambient black carbon concentration Lin et al 
observed a 16.6% increase in exhaled NO among children (Lin et al. 2011). Long-term averages of 
PM2.5 were also demonstrated to be significantly associated with increased changes in FeNO levels 
among children, independent of asthma or allergy (Berhane et al. 2014).  
Other studies have explored the relationship between ambient air pollution and FeNO 
levels by children’s asthma status. Brazza-Villarreal et al. found an increase in FeNO50 levels with 
increasing ambient PM2.5, but only among asthmatic children (Barraza-Villarreal et al. 2008). In a 
study on traffic-related air pollution, Eckel et al. found that among children with asthma, length of 
the roads in their neighborhood was positively associated with FeNO50, while traffic density and 
distance to the road were not associated with FeNO50 (Eckel et al. 2011). Among a group of 
nineteen asthmatic children, Koeing et al. observed increased levels of PM2.5 associated with 
increases in exhaled nitric oxide (Koenig et al. 2003). Although some studies have demonstrated 
increased FeNO associated with increased ambient air pollution among asthmatic children, Liu et 
al. found that ambient concentrations of ozone and PM2.5 were not associated with an increase in 
FeNO among asthmatic children (same day percent change in FeNO50 per IQR increase in PM2.5 
was 5.3 (95% CI: -3.6-15) (Liu et al. 2009).  
Two population-based studies have utilized the new development of the two compartment 
models to explore the association between air pollution and FeNO. In 2014, Modig et al. explored 
the relationship between short-term exposure to ozone and PM10 and FeNO at two different flow 
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rates (FeNO50 and FeNO270). The authors found no significant association between lags of 3 hours, 
24 hours, or 120 hour average PM10 exposure and FeNO at either a flow rate of 50mls/sec or 
270mls/sec., The authors did however, observe that an IQR change in 120-hour average ozone 
levels were associated with higher levels of FeNO270 from the distal airways (4.0%: 95% CI: 1.0-
7.1%) and FeNO50 from the proximal airways (4.4% 95% CI: 1.0-7.9%) (Modig et al. 2014). In 2016, 
Eckel et al. explored FeNO at four different flow rates among 1635 children exposed to indoor NO 
in schools as a marker of traffic-related air pollution. After adjusting for confounders, the authors 
concluded a 10ppb higher indoor NO concentration was associated with higher FeNO50 (2.8%; 95% 
CI: -3.3-9.3%), a 6.5% higher FENO300 (95% CI: 0.3-13.1%). An additional metric calculated for distal 
airways demonstrated that a 10ppb higher NO concentrations was associated with a 0.10 ppb 
higher distal airway inflammation (95% CI: -.04-0.16ppb). This study provides evidence that there 
may be associations between indoor NO exposure and FeNO from the distal airways, but not from 
proximal airways (Eckel et al. 2016). 
Household Air Pollution 
To our knowledge, only one study has considered the association between household air 
pollution and adult FeNO50 values. Pollard et al. monitored PM2.5 and carbon monoxide among 75 
households in Peru. FeNO values among the 75 women increased by 2 ppb (p=0.006) from before 
cooking to after cooking among all stove users. The post-cooking median FeNO levels were 10 ppb 
among rural households and 10.5 ppb among urban households (Pollard et al. 2014). 
Association of Inflammatory Markers and Air Pollution 
 Biomarkers of systemic inflammation have been used to assess the association between 
ambient air pollution and particulate matter exposure and cardiovascular disease.  Epidemiologic 
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studies in a variety of populations have reported inconsistent results between particulate matter 
and biomarkers such as cytokines and acute phase proteins. For example, the Framingham Heart 
Study evaluated short-term exposure to ambient air pollution among 3996 nonsmoking adults 
who lived near Boston, MA.  The authors found that a 5 µg/m3 increase in the 5-day moving 
average of PM2.5 was associated with a 4.2% (95% CI: 0.6 – 7.6) higher level of CRP, but no 
association was observed between PM and TNF-α (W. Li et al. 2017). Another large cohort study, 
the CoLaus Study, enrolled 6183 in Switzerland and observed significant increases in IL-1β, and 
TNF-α for every 10 µg/m3 change in 24-hour increase in PM10 (IL-1β: 0.034, 95% CI: 0.007 – 0.060; 
TNF-α: 0.024; 95% CI: 0.013, 0.035), but observed no significant association with CRP (estimate: -
0.002, 95% CI: -0.017, 0.013) (Tsai et al. 2012). In a study on long-term air pollution in the SALIA 
cohort in Germany, researchers observed that one IQR increase in land-use regression modeled 
PM2.5 (five year means from 2003-2007) resulted in a 15.8% change in TNF-α (95% CI: 2.5-30.8%), 
but no associations with IL-8 or IL-1β (Vossoughi et al. 2014).  
C-reactive protein is perhaps the most studied biomarker in the association of air pollution 
and systemic inflammation. A literature review of the studies on air pollution and CRP provides 
inconclusive evidence between levels of air pollution and the biomarker (Y. Li et al. 2012). The 
inconclusive research may be in part due to the vast array of study designs utilized in the research 
and study populations.  
 The association of black carbon from ambient or traffic-related air pollution with markers 
of systemic inflammation has also been studied. A study among 624 elderly men evaluated the 
association between cumulative traffic-related air pollution and inflammation using 4, 8, and 12 
week averaging periods (Alexeeff et al. 2011). Alexeeff et al. found that an IQR increase in 8-week 
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black carbon exposure was associated with a 1.58% increase in ICAM-1 concentrations (95% CI: 
0.18-3.00%) and a 1.20% (95% CI: -0.58-3.02) increase in VCAM-1 concentrations (Alexeeff et al. 
2011). Alexeff also found that the 4 and 12 week averages for black carbon were associated with 
significant increases in ICAM-1, and similar but non-significant increases in VCAM-1 (Alexeeff et al. 
2011). Additional evidence supports the long-term association between black carbon 
concentrations and increased inflammation. A longitudinal study of 809 male veterans explored 
the association of 24-hour, 2 day, and 30-day moving averages of black carbon on ICAM-1 and 
VCAM-1 (Madrigano et al. 2010). A 1 µg/m3 2-day average black carbon was associated with a 
4.26% change in VCAM-1 (95% CI: 1.02-7.49) (Madrigano et al. 2010). Similar, positive associations 
were observed for VCAM-1, however none reached significance (Madrigano et al. 2010).  
Association of Inflammatory Markers and Woodsmoke 
 Short-term exposure to woodsmoke and systemic inflammation was evaluated among 
thirteen subjects in a chamber study by Barregard et al (Lars Barregard et al. 2006). Each subject 
was exposed to woodsmoke exposures ranging from 240-280 µg/m3 during two, four-hour 
sessions, one week apart. Exposure to woodsmoke increased levels of serum amyloid A (SAA) and 
factor VIII in plasma post exposure (Lars Barregard et al. 2006).  
Association of Inflammatory Markers and Household Air Pollution 
A few studies have explored the association between household air pollution and markers 
of system inflammation. Caravedo et al. compared serum concentrations of SAA, CRP, ICAM-1 and 
VCAM-1 among 228 biomass-exposed and 228 non-exposed men and women in Peru. Adjusted 
analyses demonstrated that chronic exposure to biomass fuels was positively associated with 
increased levels of ICAM-1 and VCAM-1, but was unexpectedly negatively associated with CRP 
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(Caravedo et al. 2016). No association was observed for SAA (Caravedo et al. 2016).  
A study by Dutta et al. in India evaluated sputum cytology for markers of airway 
inflammation associated with cookstove exposure and PM10. Women who cooked with biomass 
fuels had 6.9 times increased levels of TNF-α in the sputum samples compared to women cooking 
with LPG (86.9 ± 28.1 vs. 12.6 ± 6.2 pg/ml, p <0.001). Similar results were observed for sputum 
concentrations of IL-8 (26.7 ± 7.4 for biomass users vs. 10.1 ± 3.3 pg/ml for LPG users, p <0.001) 
(Dutta et al. 2013).  
Another study by Dutta et al. measured serum inflammatory markers, IL-8, CRP, and TNF-
α among an age-matched group of 452 women who cooked with either biomass fuels or LPG. 
Biomass stove type was associated with increased levels of all three inflammatory markers; 
biomass users had 2.4 times more serum IL-8, 3.3 times more serum CRP and 1.6 times more 
serum TNF-α. Additionally, measured concentrations of PM10 and PM2.5 were associated with 
increased levels of the inflammatory markers after adjusting for age, BMI, education, family 
income and kitchen location (Dutta, Ray, and Banerjee 2012).  
A new study by Misra et al. explored the association of biomass wood fuel use (vs. 
electricity) and markers of systemic inflammation (CRP, SAA, IL-8, IL-1β, TNF-α, ICAM-1 and VCAM-
1) among 415 women in Southern Africa (Misra et al. 2018). After adjusting for confounders, age, 
gravidity, caffeine consumption, passive smoking and water source, the authors found only an 
association among women who used wood mostly indoors compared to electricity users 
(estimate: -.38, 95% CI: -.68,-0.08). In all other analyses the authors found no associations with 
levels of inflammatory markers comparing biomass users vs. non-biomass users (Misra et al. 2018).  
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Olopade et al. randomized a group of women cooking with firewood in Nigeria to either 
cook with ethanol or continue cooking with firewood. Measured levels of serum TNF-α decreased 
by an average of 6.20 pg/ml (SE: 5.24) among pregnant women switching from firewood to ethanol 
and increased by 14.03 pg/ml (SE: 5.89) among women continuing to cook with firewood. No 
explanation however was provided for why women continuing to cook with firewood had 
increasing levels of TNF-α (Olopade et al. 2017). Women randomized to continue cooking with 
firewood (control) had 68% higher levels of post-randomized TNF-α compared to women 
randomized to cook with ethanol. Statistically significant increase in IL-8 and TNF-α were also 
observed in associations with measured concentrations of PM2.5 (both log-transformed); IL-8: 0.24 
(95% CI: 0.02, 0.44); TNF-α: 0.18 (95% CI: 0.03, 0.34)  (Olopade et al. 2017).  
Although the studies above have observed associations with household air pollution, 
mostly stove-type categorizations, and inflammatory markers, several studies of woodsmoke and 
biomarkers provide inconclusive evidence on the association with systemic inflammation. For 
example, several studies have observed no associations between increased woodsmoke exposure 
and levels of CRP among healthy adults (Allen 2009; Clark et al. 2009; Shan et al. 2014). 
Air Pollution and Inflammatory Markers: Effect Modification 
 Several risk factors, such as diabetes, hypertension, obesity, and age (elderly) are thought 
to increase susceptibility for air pollution-related cardiovascular events (Dubowsky et al. 2006; R. 
D. Brook et al. 2010). There is extensive scientific and mechanistic evidence that obesity, diabetes, 
age, and hypertension as all associated with cardiovascular disease (R. H. Eckel 1997; Ortega, Lavie, 
and Blair 2016; Leon 2015). Proposed mechanistic pathways also support the association between 
air pollution and increased levels of obesity, diabetes, and hypertension (Sanidas et al. 2017). 
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Additionally, epidemiologic evidence supports stronger associations of air pollution on 
cardiovascular disease among those with susceptible conditions. For example, diabetes was 
observed to modify the effect of PM10 on stroke mortality in a study by Zeka, Zanobetti, and 
Schwartz (Zeka, Zanobetti, and Schwartz 2006). Among women, a stronger association between 
PM2.5 and PM10 exposure and cardiovascular disease has been observed among women who are 
obese (Puett et al. 2008; K. A. Miller et al. 2007).  Results for effect modification for obesity and 
diabetes between particulate matter and markers of systemic inflammation, such as CRP, are 
mixed (Y. Li et al. 2012). Dubowsky et al. observed that associations between PM2.5 and CRP were 
elevated among people classified as diabetic, obese, and hypertensive. For example, a 6.1 µg/m3 
increase in the 5-day average PM2.5 was associated with a 48% increase in CRP for people with 
obesity and a 74% increase in people with diabetes, compared to 12% increase among people 
without the conditions (Dubowsky et al. 2006).   
Effect Modification and Household Air Pollution 
 As described above, Caravedo et al. found differences in ICAM-1 and VCAM-1 between 
users of biomass fuels compared to clean-fuel stove users. Carvedo et al. also explored effect 
modification by age categories (35-44 years, 45-54, 55-64, and 65 and over) and sex, however 
found no interaction (Caravedo et al. 2016). Additionally, Dutta et al. evaluated the association of 
inflammatory markers and hypertension and found that after controlling for confounders CRP 
concentrations among women with hypertension (systolic blood pressure: > 140 mmHg and 
diastolic blood pressure ≥  90 mm Hg) were significantly elevated compared to those without 
hypertensions (OR = 1.14, 95% CI: 1.04-2.29) (Dutta, Ray, and Banerjee 2012).  
34 
Chapter 3: Overview of Study Design 
Study Setting 
We used a cross-sectional study design to evaluate the three aims of this dissertation. The 
study was conducted in nine communities surrounding the town of La Esperanza, Honduras. La 
Esperanza, located in the mountainous region of Western Honduras (elevation 1800 meters), is 
home to approximately 15,000 people. The rural communities are primarily agricultural; families 
typically grow corn, beans, potatoes for personal consumption and local market sale. The rural 
populations are primarily indigenous Lenca descent. Our target population included all female 
primary cooks who used a traditional cookstove or a cleaner-burning Justa cookstove (See Figure 
3.1). Traditional cookstoves in our population were typically self-built wood-burning stoves, with 
a metal griddle, large combustion chamber, and possibly a chimney. The cleaner-burning Justa 
stove is a common wood-burning improved stove in Latin America with a rocket-elbow 









Figure 3.1: Typical traditional (left) and Justa (right) cookstoves in the homes of Honduran women 
Study Population 
The study team held local community meetings in villages surrounding La Esperanza and 
presented detailed information regarding the study to the community members. From 500 
households, we selected a convenience sample and visited 170 households from February 9th-April 
30th 2015. We recruited one female cook per household that met the following eligibility criteria; 
age 25-56, non-smoker, not pregnant, and owned a traditional cookstove or Justa cookstove at 
least 4 months prior to the interview. Upon visitation, eighteen of the 170 households were 
excluded as they did not have a female who met the eligibility criteria. Two women chose not to 
participate in the study. We enrolled a total of 150 women into the study.   
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Each study participant committed to a 24-hour exposure-monitoring session. This included 
both kitchen and personal concentrations of PM2.5 and black carbon. All exposure instruments 
were placed in the homes of participants and in a bag worn by the participant in the early morning 
and collected the following morning. Detailed information on exposure assessment is provided in 
the individual chapters. Health measurements were collected immediately following the 
completion of the 24-hour exposure measurements. All participants were provided a USD $5 
incentive for their participation in the study. This incentive included rice, vegetable oil, sugar and 
beans.  
Overall Study Methods 
This dissertation used data from two NIH funded grants (Figure 3.2). The first was an NIH 
R21 cross-sectional pilot grant was entitled “Woodsmoke exposure and novel health indicators: a 
feasibility field study” (1 R21 ES022810). The second study was an NIH R00 grant “Community-
based Participatory Research: A Tool to Advance Cookstove Interventions” (ES022269). The 
Colorado State University Institutional Review Board approved both study protocols.  
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Figure 3.2: Overview of aims and data for the dissertation (n=150) 
Aim 1 Methods 
For Aim 1, fine particulate matter (PM2.5) was measured by pump using an aerosol 
nephelometer; (personal DataRam [(pDR]) 1200, (Thermo Fisher Scientific Inc., Waltham, MA). The 
pDR was set up in an active-flow mode, with a pump (SKC AirChek XR5000 pump) and cyclone 
attached. The active mode setup provides both real-time mass concentrations and gravimetric 
mass. The pDR recorded the average PM2.5 concentration for each minute sampled. A Triplex 
cyclone inlet with a cut point of 2.5 microns was placed on one end of the pDR, while a 37mm 
FilberilmTM filter (T60A20 Pall Corporation) was placed downstream of the pDR photometric 
sensing chamber. The pump pulled air samples through the pDR at a rate of 1 L/min. An external 
data logger (EasyLog, Lascar Electronics Ltd.) was placed in the pDR port to record an analog 
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output in volts that is proportional to the measured concentration. The upper limit of detection 
was set to 4,000 µg/m3. Prior to field setup, all filters were equilibrated and weighed at Colorado 
State University. In addition, at the field site, the team zeroed the pDR in clean air in the field 
laboratory and the pump was calibrated with a flow meter (Bios International DryCal DC-lite). The 
pDR has been used as a portable device to assess ambient air pollution exposure and has 
demonstrated good agreement with other continuous PM2.5 monitors at low humidity 
(Chakrabarti et al. 2004). Gravimetric PM2.5 in µg/m3 was calculated using pre- and post-exposure 
weights from the Mettler Toledo Microbalance (model MX5) as described above. 
In Aim 1, ultrafine particle number concentration (PNC) was measured with the DiSCMini 
(Testo AG, Germany; Fierz et al., 2011). In brief, the instrument utilizes a positive corona wire to 
produce a high concentration of positive ions that attach to particles entering the DiSCMini. The 
charge assigned to the particle is approximately proportional to the particle diameter (Fierz, Houle, 
Steigmeier, & Burtscher, 2011). Excess ions are removed by a particle trap and the remaining 
charged particles pass through a diffusion stage where some are captured. The remaining particles 
then flow to a second stage equipped with a high-efficiency particulate air (HEPA) filter (Fierz et 
al., 2011). Smaller particles have a large diffusion coefficient and are more likely to be collected in 
the diffusion stage, while larger particles are more likely to end up in the filter stage (Koehler and 
Peters 2015). An electrometer measures the charge of the depositing particles at the diffusion 
stage and HEPA filter and the average particle size is calculated as the ratio of the currents at the 
two distinct electrometer stages (Koehler and Peters 2015; Asbach et al. 2017). A final PNC is 
estimated based on the total current and particle size information. These values are based on the 
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hypothesis that particles are spherical and lognormally distributed with a geometric standard 
deviation particle size distribution of 1.9.  
The DiSCMini was operated at a flow rate of 1.0 L/min and was equipped with an external 
impactor to remove all particles larger than 700 nm from entering the instrument. In order to 
monitor household PNC for 24 hours, we equipped the instrument with an external rechargeable 
battery. All ultrafine data were recorded on a SD card that accompanied the DiSCMini. Data were 
downloaded immediately following the monitoring period.  
The DiSCMini and pDR were collocated and placed between 40-70 inches from the edge of 
the stove at each household. Both instruments were manually turned on to begin measurements 
and the DiSCMini conducted a 5-minute warm-up. The pump for the active PM2.5 measurement 
was programmed to turn off after 24 hours of measurement while the DiSCmini was manually 
switched off after returning to the house after at least 24 hours. After each household 
measurement, the impactor for the DiSCMini was thoroughly cleaned and tested to ensure the 
flow rate returned to 1 L/min. A temperature and relative humidity monitor (EasyLog Lascar 
Electronics Ltd) was also placed in the kitchen. 
Aims 2 and 3 Methods 
We assessed exposure to household air pollution using stove type (traditional or Justa) and 
by measuring 24-hour average kitchen and personal concentrations of PM2.5 and black carbon. For 
kitchen exposure, monitors for PM2.5 were placed in the kitchen between 76 and 127 centimetres 
above the stove, to represent the participant’s breathing zone, and away from open windows and 
doors. For personal exposure measurements, we placed PM2.5 monitors in a small bag that each 
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woman wore throughout the monitoring period, except for bathing or sleeping. The inlet was 
clipped to the shoulder strap at the front of the woman’s chest. 
PM2.5 was collected on 37mm Teflon-coated glass fiber filters (FiberfilmTM T60A20, Pall 
Corporation, Port Washington KY, USA). The filters were equilibrated for at least 24 hours and then 
pre-weighed at Colorado State University (CSU) using the Mettler Toledo Microbalance (model 
MX5, resolution and repeatability of 1ug). In the field laboratory, filters were placed into Triplex 
cyclones with a particle cut size of 2.5µm (BGI by Mesa Labs, Butler NJ, USA). Cyclones were 
attached to SKC AirCheck XR5000 pumps (SCKInc, Eighty Four, PA, USA) with a flow rate of 
1.5L/min. Pumps were pre-calibrated daily using a Bios International DryCal Dc-Lite primary flow 
meter. We collected one filter blank every two weeks. After collection of the sample, filters were 
stored at -20 degrees Celsius and then transported to CSU, equilibrated, and post-weighed. We 
calculated a PM2.5 24-hour time-weighted average by subtracting the average blank concentration 
for the field session and accounting for the sampled volume. We calculated the limit of detection 
(LOD) for PM2.5 as follows: average weight of blanks + 3*standard deviation of the weights. All 
samples with a concentration less than the LOD (7 kitchen samples and 7 personal samples) were 
replaced with a value of LOD/√2. PM values were not available for 41 houses due to faulty 
equipment or missing data.  
We estimated PM2.5 black carbon concentrations based on the optical transmission of light 
through the air sampling filters. A transmissometer (model OT-21, Magee Scientific, USA) 
estimated the attenuation at 880 nm light intensity through the sample filter which is proportional 
to the amount of black carbon on the filter. To estimate the black carbon loading we first define a 
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measure of attenuation (ATN) as the natural log of the ratio of light transmittance of a reference 
filter (I0) to a sample filter (I) multiplied by 100: 
𝐴𝑇𝑁 = 100 ×  𝑙𝑛 (
𝐼0
𝐼
)       (1) 
We used a single value for reference transmittance (I0 = 224571), taken as the average 
transmittance of 54 field blank filters. This reference method is similar to that reported previously 
with laboratory blank filters () and one that also allows us to account for contamination that may 
have occurred with filter handling during non-sampling periods. 
The measured attenuation was then used to derive the attenuation coefficient (batn) in 
units of inverse megameters (Mm-1), adjusting for field sampling factors such as the sampled area 
on the filter (m2), and the volume of the air sampled (m3, calculated using the sample flow rate 
and the sample duration). The attenuation coefficient was calculated as described by Presler-Jur 
et al (Presler-Jur et al. 2017): 
𝑏𝑎𝑡𝑛 =  
𝐹𝑖𝑙𝑡𝑒𝑟 𝐴𝑟𝑒𝑎
𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒
 ×  𝐴𝑇𝑁 ×  104          (2) 
Assumptions of black carbon concentration estimates have uncertainties given the 
properties of particles (e.g. differences in light scattering and combustion source). We used a mass 
attenuation cross-section), atn, to convert from ATN to an equivalent BC concentration, which 
implies a linear relationship between the BC and the ATN of the sample filter. To account for the 
primarily wood-burning nature of the exposure, we defined atn = 12.5 m2/g as derived previously 
for carbonaceous smoke by Chylek et al., 1981. Additionally, previous studies have demonstrated 
a measurement artifact wherein an underestimation of the ATN becomes more pronounced at 
42 
higher black carbon concentration. We therefore used a loading correction r, calculated according 
Kirchstetter and Novakov 2007 (Kirchstetter and Novakov 2007): 
𝑟 =  (𝑒𝑥𝑝−𝐴𝑇𝑁/100)  ×  0.88 + 0.12          (3) 
The final estimated BC concentration (BC, μg/m3) was calculated as follows: 
𝐵𝐶 =  
 𝑏𝑎𝑡𝑛
𝜎𝑎𝑡𝑛× 𝑟
          (4) 
We used a single value for reference transmittance (I0 = 224571), taken as the average 
transmittance of 54 field blank filters. This reference method is similar to that reported previously 
with laboratory blank filters (Presler-Jur et al. 2017) and one that also allows us to account for 
contamination that may have occurred with filter handling during non-sampling periods. Although 
these field blanks were not collected during the same sampling period; samples were collected 




Chapter 4: Kitchen concentrations of PM2.5 and ultrafine particulate 
matter in rural Honduras 
Summary 
Background: Household air pollution from cooking with solid biomass fuels results in 
exposure to high levels of particulate matter (PM); however, limited data exist for size fractions 
other than PM2.5 (diameter less than 2.5 µm). We compared levels of PM2.5 and ultrafine PM 
(diameter less than 0.1 µm) from traditional and cleaner-burning Justa wood-burning cookstoves 
in rural Honduras using real-time measurements.  
Methods: PM2.5 concentrations were actively sampled using a personal DataRam (pDR) 
1200. Ultrafine particle number concentrations (PNC) were measured using the Testo DiSCMini. 
Monitors were collocated inside the kitchens for a 24-hour period. Our final sample size was 44 
houses for PNC (traditional: 27, Justa: 17), and 27 houses for PM2.5  (traditional: 15, Justa: 12). 
Results: Twenty four hour kitchen concentrations of PM2.5  and PNC were highly variable 
during the course of the monitoring period. The median 24-hour PNC was 8.5 x 104; IQR 
(interquartile range): 3.8 x 104 – 1.8 x 105 (traditional cookstoves: 1.3 x 105, IQR: 3.3 x 104 – 2.0 x 
105; Justa cookstoves: 6.3 x 104, IQR: 4.0 x 104 – 1.2 x 105). The median 24-hour PM2.5 
concentration was 91 µg/m3; IQR: 40 – 195 µg/m3 (traditional cookstoves: 176 µg/m3, IQR: 47 - 
262 µg/m3; Justa cookstoves: 52 µg/m3, IQR: 30 - 104 µg/m3). The 24-hour average ultrafine PNC 
and PM2.5 levels were highly correlated (Spearman rho: 0.73), and more highly correlated for 
traditional stoves (rho: 0.91) than for Justa stoves (rho: 0.55). In addition, 24-hour average values 
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were highly correlated with 1, 5, 15, and 60-minute maximum values for both PM2.5 and PNC 
(Spearman rho ranging from 0.68-0.86 for both stove types).  
Conclusion: Measuring PM2.5 may capture most of the variability in PNC for wood-burning 
cookstoves in similar types of settings (i.e., rural areas with few PM sources other than the 
cookstove); however, the correlation between size fractions may be impacted by the combustion 
efficiency of the stove. Given the potentially large implications on health, further investigation into 
the concentrations of ultrafine PNC and PM2.5 from cleaner-burning stoves is warranted. High 
correlations in daily and shorter-term averaging times suggest that time-integrated gravimetric 
24-hour PM2.5 exposure measurements may provide a sufficient, cost-effective exposure 
assessment approach in similar settings with wood-burning stoves. 
Introduction 
Approximately 3 billion people, primarily in low- and middle-income countries, rely on solid 
biomass fuel as their primary energy source (Bonjour et al. 2013). The combustion of solid-fuels in 
traditional cooking stoves results in levels of air pollution that are often substantially higher than 
the World Health Organization’s (WHO air quality guidelines of a 24-hour mean concentration of 
25 µg/m3 (World Health Organization 2006a; Thomas et al. 2015).  
Fine particulate matter (PM2.5) concentration is the most commonly used metric for 
assessing exposure to household air pollution. Although gravimetric sampling is most often used 
in assessing the health outcomes associated with household air pollution, continuous real-time, 
or time-resolved, measurements may provide additional insight into PM concentrations with 
respect to temporal variability or intensity of exposure with cooking events (Northcross et al. 
2015).  Studies that have implemented real-time PM measurements in field settings have explored 
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temporal variability of cookstove emissions and characterized intensity of exposure (Carter et al. 
2016; Chen et al. 2016; Ezzati, Mbinda, and Kammen 2000; Van Vliet et al. 2013; Park and Lee 
2003; S. L. Fischer and Koshland 2007). Such studies have found that short-term concentrations of 
elevated PM2.5 constitute a substantial portion of daily exposure (Van Vliet et al. 2013). It is 
unclear, however, whether shorter-term metrics, such as 1-hour maximum concentrations, may 
be relevant for health models evaluating effects of household air pollution. 
Evidence suggests that particles with diameters less than 0.1 µm (ultrafine particles) are 
the most likely to penetrate deep into the lungs resulting in oxidative stress and systemic 
inflammation. (Ken Donaldson and Stone 2003; K Donaldson et al. 2001; Brauer et al. 2001; R. D. 
Brook et al. 2010; Brauner et al. 2007). Little is known about in-home ultrafine particle 
concentrations from traditional or improved cookstoves due to the logistical and monetary 
barriers of monitoring ultrafine particles in field settings. Laboratory studies have been conducted 
with varying results. Some laboratory emissions studies have suggested that improved cookstoves 
may emit fewer ultrafine particles compared to traditional cookstoves (such as a three-stone fire) 
(Jetter et al. 2012), while other studies have suggested that improved force-draft gasifiers, may 
increase ultrafine particles due to improved combustion efficiency despite their ability to 
substantially reduce emissions of PM2.5 mass compared to traditional stoves (Just, Rogak, and 
Kandlikar 2013).  
Given the potential adverse health effects associated with ultrafine particles, we must 
measure ultrafine particle number concentrations from both traditional and cleaner-burning 
cookstoves. Health and risk assessments have been estimated based entirely on PM2.5 mass 
exposure (Armendáriz-Arnez et al. 2010; Jetter et al. 2012; Smith et al. 2014b); therefore, if the 
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correlations between emissions of ultrafine particles and PM2.5 mass are dissimilar for various 
improved cookstoves, the health improvements thought to be associated with cleaner-burning 
cookstoves may be inaccurate. To our knowledge only one study has used a portable monitor to 
measure ultrafine particle number concentration from traditional and improved biomass 
cookstoves in the field (de la Sota et al. 2018). Among 6 households in Senegal, de la Sota observed 
lower ultrafine particle number concentration during cooking events among improved biomass 
stove users (Median PNC 1.5x106 pt/cm3) compared to traditional biomass stove users (Median 
PNC 2.2x106 pt/cm3)  (de la Sota et al. 2018).  Given the small sample size and the short monitoring 
period in the previous study, there is a need for additional comprehensive measurement of 
ultrafine particle concentrations among different cookstoves.  
In this study we used real-time instrumentation to quantify kitchen concentrations of PM2.5 
and ultrafine PM in La Esperanza, Honduras where solid-fuel cookstoves were the primary cooking 
apparatus. We evaluated both traditional and cleaner-burning Justa cookstoves. Our primary goals 
were to (1) assess ultrafine particle number concentration, (2) compare PM2.5 mass and ultrafine 
PNC, and (3) compare shorter-term averaging windows to 24-hour average concentrations for 
both pollutants. To our knowledge our study is the first to measure 24-hour time-resolved 
concentrations of PM2.5 and ultrafine particles among solid biomass traditional and cleaner-
burning stove users. 
Methods 
Study Site and Population 
This study was conducted in rural communities surrounding La Esperanza, Honduras as 
part of a lager study monitoring the effects of exposure to household air pollution. In brief, the 
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larger study included 150 women aged 25-56, who were non-smokers and not pregnant. We 
measured real-time PM2.5 and ultrafine particle number concentrations in a subsample of these 
homes. With only one set of monitoring equipment, we were limited to collecting data from one 
household per day. The study team generally chose the first house visited in the morning (Monday, 
Wednesday, and Friday) to include in the subsample. We collected data from 47 households in 
October 2015 and from February to December 2016. Of the 47 houses, we visited 11 households 
twice, approximately 6 months apart.  
Traditional and Improved Cookstoves 
Our study population included households that used either a traditional open fire or a 
cleaner-burning Justa cookstove. The traditional cookstoves were typically self-built adobe stoves, 
with a plancha (griddle), large combustion chamber, and chimney. The Justa stoves feature an 
insulated, rock-elbow combustion chamber, chimney, and plancha. Wood was the primary fuel 
used in both cookstoves. All Justa stoves were built in homes by our study team approximately 6 
months prior to the measurement. Seventeen Justa stove users and 30 traditional stove users 
were enrolled. Of the 44 households with complete 24-hour ultrafine data, 27 of the households 
had a traditional cookstove, while the remaining 17 used an improved cleaner-burning Justa 
cookstove. 
Exposure Concentration Measurements 
Ultrafine particulate matter 
Ultrafine particle number concentration (PNC) was measured with the DiSCMini (Testo AG, 
Germany; Fierz et al., 2011). The DiSCMini is a handheld diffusion size classifier that measures 
mean particle diameter (between 10-300nm) and airborne particle number concentration 
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between 103 and 106 cm3 at 30% accuracy (Asbach et al. 2012).  We equipped the instrument with 
an external rechargeable battery to ensure 24-hours of continuous household monitoring. The 
DiSCMini recorded and logged concentrations at one-second intervals. Data were downloaded 
immediately following the monitoring period.  
PM2.5  
Fine particulate matter (PM2.5) was sampled using an aerosol nephelometer, the personal 
DataRam (pDR) 1200 (Thermo Fisher Scientific Inc., Waltham, MA). The pDR was set up in an 
active-flow mode with a pump (SKC AirChek XR5000 pump) and cyclone attached. The active mode 
setup provides both real-time mass concentrations and gravimetric mass. The pDR recorded the 
average PM2.5 concentration for each minute sampled. A Triplex cyclone inlet with a cut point of 
2.5 microns was placed on one end of the pDR, while a 37mm FilberilmTM filter (T60A20 Pall 
Corporation) was placed downstream of the pDR photometric sensing chamber. The pump pulled 
air samples through the pDR at a rate of 1.5 L/min. An external data logger (EasyLog, Lascar 
Electronics Ltd.) was placed in the pDR port to record an analog output in volts that is proportional 
to the measured concentration. The upper limit of detection was set to 4,000 µg/m3. Prior to field 
setup, all filters were equilibrated and weighed to the nearest microgram (Mettler Toledo 
Microbalance; model MX5) at Colorado State University. In addition, at the field site, the team 
zeroed the pDR in clean air in the field laboratory and the pump was calibrated with a flow meter 
(Bios International DryCal DC-lite). The pDR has been used as a portable device to assess ambient 
air pollution exposure and has demonstrated good agreement with other continuous PM2.5 
monitors at low humidity (Chakrabarti et al. 2004). Blank corrected gravimetric PM2.5 in µg/m3 was 
calculated using pre- and post-exposure weights. 
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Field Measurements 
The DiSCMini and pDR were collocated and placed between 40-70 inches from the edge of 
the stove at each household. Both instruments were manually turned on to begin measurements 
and the DiSCMini conducted a 5-minute warm-up. The pump for the active PM2.5 measurement 
was programmed to turn off after 24 hours of measurement while the DiSCmini was manually 
switched off after returning to the house after at least 24 hours. After each household 
measurement, the impactor for the DiSCMini was thoroughly cleaned and tested to ensure the 
flow rate returned to 1 L/min. A temperature and relative humidity monitor (EasyLog Lascar 
Electronics Ltd) was also placed in the kitchen (Figure 4.1). 
Data Processing  
PNC 
The data from the DiSCmini SD card were uploaded using the DiSCmini data conversion 
tool (Matter Aerosol 2011, version 2.0) and all data were processed in R 3.4.1 (R Core Team, 
Vienna, Austria). The DiSCMini electrometer relies on low current measurements and conducts a 
“zero-offset” every hour in order to maintain accurate measurements. The instrument did not 
collect any data during the 1-minute offset. Each minute corresponding with a “zero-offset” was 
set to “missing” in the 24-hour sample. In addition, given that the DiSCMini monitor was subject 
to high levels of emission from the cookstoves, we checked each household measurement for 
various error codes for each second sampled. When concentrations reach the maximal levels 
above the limit of detection, the maximal electrometer current is reached, impacting both the 
filter and diffusion stages of the instrument (Martin Fierz, Weimer, and Burtscher 2009). Within 
our dataset we observed error codes for 5 different scenarios: the filter stage below 0 fA, diffusion 
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stage below 0 fA, filter stage over 4096 fA, diffusion stage over 4096 fA, and a negative lung-
deposited surface area (LDSA) measurement. Of the 4,060,800 total seconds sampled, 2.1% of the 
sample had an error code for a filter stage below zero, 2.2% of the sample had an error code for 
diffusion stage below zero, 1.9% of the sample had a negative LDSA and <1% of the sample had 
filter stage or diffusion stage over 4096 fA (total current). All seconds flagged with an error code 
were excluded from the data analyses. Following the removal of seconds flagged with errors, we 
calculated the average PNC in each minute sampled. Data from three of the 47 households were 
excluded, because the DiSCMini turned off prior to completing the 24-hour sampling period (3 
traditional stoves).  
Fine particulate matter (PM2.5) 
Real-time pDR measurements were corrected for relative humidity using the formula 
described by Chakrabarti et al. (Chakrabarti et al. 2004) where the correction factor (CF) = 1 + 
0.25(relative humidity2)/(1-relative humidity). Concentrations were converted to µg/m3 and 
values below the limit of detection (LOD) of 5.5 µg/m3 were substituted with the LOD/(√2). In 
addition, we normalized real-time pDR concentrations for gravimetric measurements as described 
by Benton-Vitz and Volckens (Benton-Vitz and Volckens 2008). We calculated the average 
response factor (pDR real-time concentration/pDR gravimetric concentration) for the full sample. 
Minute level concentrations for individual households were then corrected for the average 
response factor. Of the 47 households monitored for PM2.5 we excluded 20 household samples 
(16 households with external data logger failure; three with missing temperature and humidity 




All data were analyzed in R version 3.4.1 (R Core Team, Vienna, Austria). Utilizing one-
minute averages for both the PM2.5 and ultrafine particle data sets, we calculated descriptive 
statistics including: the 24-hour minimum, maximum, mean, median, standard deviation, 25th and 
75th percentiles, as well as maximum 5-minute, 15-minute, and 60-minute moving averages for 
each household. We utilized the real-time pDR data to calculate the total time in hours that each 
household’s PM2.5 concentration was above 100 µg/m3 (the equivalent of four times the WHO 24-
hour air quality guidelines standard) (World Health Organization 2006a), a metric previously 
observed to be associated with negative health endpoints among children (Gurley et al. 2013; 
Chen et al. 2016). We also calculated the 95th percentile concentration for each household and 
removed minute-level values above this concentration to determine the impact of elevated 
exposure on the overall 24-hour average. Wilcoxon rank sum tests were used to test for 
differences in 24-hour average PM2.5, 24-hour average PNC, and number of hours spent above 100 
µg/m3 by stove type. 
We calculated Spearman rank-order correlation coefficients to assess: 1) the correlation 
of 24-hour ultrafine and PM2.5 measurements and 2) the correlation for averaging windows 
(maximum 24-hour, 1-minute, 5-minute, and 60-minute) within both PNC and PM2.5. We created 
descriptive plots of the 24-hour real-time concentrations of PNC and PM2.5 for each household.  
Results 
Kitchen characteristics of the sample population are described in Table 4.1. We visited 11 
households at two different times, 6 months apart. Of the 24 houses that had both PM2.5 and PNC, 
two households had two measurements. Overall, kitchens were constructed of mud or stuccoed 
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adobe walls (60%), with dirt floors (70%) and sheet metal roofs (70%). About 30% of households 
reported the use of a secondary stove. In Honduras, secondary stoves are used outside the home 
for cooking large pots of beans or corn. During the monitoring period, women reported cooking 
an average of 3.1 meals (SD: 0.88 meals) and for an average of 5.5 people (SD: 2.5 people). 
The average ratio of the uncorrected nephelometer pDR readings to the gravimetric net 
filter weights (response factor) was 0.58 (SD: 0.19). Three of these households had two 
measurements. The response factor indicates the real-time nephelometer readings were 58% 
lower than average time-integrated filter measurements. The response factors by stove type were 
0.62 (SD: 0.20) for traditional stoves and 0.53 (SD: 0.18) for cleaner-burning Justa cookstoves (See 
supplement). Using data from the nephelometer, the gravimetric corrected 24-hour average PM2.5 
for all households was 196 µg/m3 (SD: 329 µg/m3) (Table 4.2). On average, women who owned 
traditional stoves (297 µg/m3; SD: 417 µg/m3) were exposed to higher concentrations of PM2.5 
compared to Justa stove owners (69 µg/m3; SD: 50 µg/m3) (Wilcox rank sum test, p = 0.07) (Table 
2).  
The 24-hour average mean particle number concentrations (PNC) for 44 households (35 
distinct households, 9 with two measures) are shown in Figure 4.2; the mean concentration was 
1.2x105 pt/cm3 (SD: 1.0x105). PNC was lower among the improved Justa cookstoves (9.1x104 
pt/cm3; SD: 6.9x104 pt/cm3) compared to the traditional cookstoves (1.3x105 pt/cm3; SD: 1.1x105 
pt/cm3) (Wilcox rank sum, p = 0.76). The Spearman correlation between 24-hour average PNC and 
24-hour average PM2.5 was 0.73 (N=24). Correlations between 24-hour average PNC and PM2.5 
were high among traditional stoves (r=0.91), but only moderate among Justa stoves (r=0.55).  
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For the 1-hour averaging period, we observed 1-hour PM2.5 maximum values ranging from 
54 µg/m3 to 4194 µg/m3 (Figure 4.3). The highest concentration observed for traditional stove 
users was 4194 µg /m3 and the highest concentration among Justa stove users was 1546 µg /m3. 
The average of the 1-hour maximum concentrations among all households was also higher for 
traditional stoves (1395 µg/m3; SD: 1219 µg/m3), compared to Justa stove users (664 µg/m3; SD: 
505 µg/m3; Figure 2). The PM2.5 averaging times of 1-minute, 5-minute, 15-minute and 60-minute 
were highly correlated with the 24-hour average ranging from 0.73-0.97 (Figure 4.4). 
Concentrations for ultrafine PNC during the 1-minute, 5-minute, 15-minute, and 60-minute 
averaging windows and 24-hour average were also highly correlated (Figure 4.5). The Spearman 
correlation between 1-hour maximum PM2.5 and 1-hour maximum ultrafine PNC was 0.55, while 
the 1-minute maximum correlation between these two pollutants was 0.35. Descriptive plots of 
the 24-hour concentrations for PNC and PM2.5 mass for individual households demonstrate similar 
patterns in PNC and PM2.5 emissions throughout the course of the day (Figure 4.6).  
We observed that the average number of hours a household concentration was over a 
PM2.5 concentration of 100 µg/m3 was 4.1 hours (SD: 4.0) and ranged from less than 1 hour to over 
15 hours. Traditional cookstove users spent an average of 5.7 hours (SD: 4.8) above 100 µg/m3 in 
the 24-hour time period, while cleaner-burning Justa stove users spent an average of 2.2 (SD: 1.3) 
hours above 100 µg/m3 (p=0.14). When household concentrations were stripped of minute values 
above the 95th percentile the mean-exposure based on real-time data was 47 µg/m3 (SD: 214 
µg/m3); (Traditional stoves: 66 µg/m3; SD: 278 µg/m3; Justa stoves: 26 µg/m3 (100 µg/m3). 
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Discussion 
Gravimetric and Real-Time PM2.5  
This cross-sectional study presents PM2.5 concentrations in kitchens of women cooking 
with traditional and cleaner-burning cookstoves. Kitchen concentrations of PM2.5 among 
households with traditional stove were higher compared to kitchen concentrations where Justa 
stoves were used, however,  the mean 24-hour average PM2.5 concentrations exceeded the World 
Health Organization (WHO) air quality guidelines of 25 µg/m3 for both cookstove types (World 
Health Organization 2006b). Only six of 47 (13%) houses had exposures below the WHO guideline 
in a 24-hour period (three traditional, three Justa).  
Time-resolved PM2.5 concentrations measured by the pDR were highly correlated with the 
gravimetric time-integrated measurements (r=0.93). The high correlation between nephelometer 
and gravimetric measurements has been observed in other field studies measuring household air 
pollution. For example, Van Vliet and colleagues observed a Spearman rho of 0.90 in a field study 
in Ghana (Van Vliet et al. 2013). Nephelometers are known to respond linearly across several 
orders of aerosol mass concentration but must be calibrated to the aerosol of interest. Thus, a 
strong correlation with gravimetric filter measurements can be expected when the exposures are 
dominated by a single emission source.  
PNC 
To our knowledge, this is only the second study to use the DiscMini handheld monitor to 
quantify exposure to ultrafine particles in the homes from biomass cooking. Traditionally, the 
“gold standard” for sizing aerosol ultrafine particles is the Scanning Mobility Particle Sizer (SMPS), 
while the particle number concentration is often assessed with condensation particle counters 
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(CPCs) (Koehler and Peters 2015; Asbach et al. 2012). However, the SMPS is expensive, bulky, and 
not well suited for field measurements (Mills, Hong Park, and Peters 2013). Handheld CPCs, such 
as the P-trak, are often used for field monitoring. However, CPCs are also limited by cost and the 
fact that the condensing fluid reservoir lasts about only eight hours (Koehler and Peters 2015). 
Direct reading instruments, such as the DiSCmini, are a relatively new technology for field and 
personal monitoring of ultrafine particles. In both laboratory and field tests, the DiSCMini 
demonstrates high correlation and ±30% accuracy with CPCs tested in the same settings (Asbach 
et al. 2012; Mills, Hong Park, and Peters 2013; Bau et al. 2017; Meier, Clark, and Riediker 2013; 
Viana et al. 2015; Martin Fierz, Keller, and Burtscher 2009), making it an ideal field monitor for 
ultrafine particles.  
Our results show a reduction in ultrafine PNC among the cleaner-burning Justa cookstoves. 
De la Sota et al. used the DiSCmini to monitor ultrafine particles during cooking periods among 
three households using a traditional stove and three households using an improved rocket stove 
in Senegal (de la Sota et al. 2018). The mean number concentration observed during a cooking 
period was 2.5 x 106 pt/cm3 among traditional stoves and 1.71 x 106 pt/cm3 for improved rocket 
stoves (de la Sota et al. 2018). Our study did not calculate cooking event concentrations therefore 
limiting comparability to the de la Sota study, yet we observed similar results in reduced PNC 
among the cleaner-burning biomass cookstoves. Similarly, a field study of 15 households that used 
coal or wood for heating and cooking in China measured PNC with an AEROTRAK 9000 and 
observed that cookstoves with chimneys reduced ultrafine particle exposures by a factor of 4 
during cooking periods (Hosgood et al. 2012).  
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PNC and PM2.5 
The correlation of the 1-hour and 1-minute maximum PNC and PM2.5 mass values were low 
to moderate at 0.55 and 0.35, respectively. These results indicate possible differences in exposure 
to PM2.5 and ultrafine particles during short time periods perhaps during the times of starting or 
fueling the fire. Evidence from both lab and field studies support the hypothesis that particle size 
and particle number concentration are related to certain cooking activities and phases of cooking. 
We observed differences in the 24-hour average correlation between PNC and PM2.5 mass by stove 
type. The correlation was high among traditional stoves (0.91), but only moderate among 
improved stoves (0.55). The mechanism influencing the correlation of PNC and PM2.5 mass for the 
cleaner-burning Justa stove is unclear and may be driven by only a small number of households or 
combustion efficiency. We observed that several of the Justa cookstoves had high concentrations 
of PM2.5 with relatively low PNC (Appendix 4.2). This may also be due to measurement error with 
the DiSCMini or pDR. 
Shorter-Term Concentrations 
Our 1-hour maximum concentrations ranged from 54 µg/m3 to 4194 µg/m3 and were 
slightly lower than 1-hour concentrations reported by Fischer (159 µg/m3 to 6200 µg/m3) (S. L. 
Fischer and Koshland 2007). The 1-minute maximum average  values among traditional and Justa 
stove users, 4194 µg/m3 and 1546 µg/m3 respectively, were 14 and 22 times higher than the 24-
hour averages for each stove group. Park and Lee observed peak values between 32-39 times 
higher than 24-hour averages among traditional and improved biomass stove users in Costa Rica 
(Park and Lee 2003). Such results complement known increases in concentrations of particulate 
matter and gases from cooking activities and tending or adding fuel to the fire (Bartington et al. 
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2017; Just, Rogak, and Kandlikar 2013; Ezzati, Mbinda, and Kammen 2000). Additionally, Van Vliet 
et al. observed that reducing the overall highest 1-5% of the PM2.5 concentrations in Ghana field 
study reduced mean exposure by 49-75% (Van Vliet et al. 2013). We observed that removing real-
time concentrations above the 95th percentile decreased the overall 24-hour average 
concentrations by 24%; 22% among traditional stoves and 38% among Justa stoves. The average 
number of hours spent at over 100 µg/m3 (4.1 hours; add SD or IQR) among our study population 
was similar to the results observed by Gurley et al. in Bangladesh among biomass stove users 
where the mean number of hours was 5.3 (IQR: 4.0-6.9) (Gurley et al. 2013). The implications of 
short-term high concentrations of PM mass or ultrafine PNC is unclear in the field of household air 
pollution. Ambient air pollution studies have observed the association of 1-hour maximum 
ambient PM2.5 on hospital admission and mortality, but this association has not been studied 
among cookstove exposures (Burgan et al. 2010). Although our measured short-term kitchen 
concentrations of PM2.5 are highly correlated with 24-hour concentrations, we do not know if this 
relationship is similar for personal exposure. It may be useful to measure short-term intensity of 
exposure in studying the exposure-response relationships, especially for cardiovascular endpoints.  
We observed temporal variation over each 24-hour sampling period. Indoor PM2.5 and 
ultrafine particles peaked in the morning with the cookstove startup (generally between 4am-
5am) and were lowest overnight when the stove was off. Similar studies using temporally-resolved 
emissions monitoring in Kenya and China have also observed elevated concentrations of PM2.5 
coinciding with diurnal patterns and phases of cooking (i.e. startup) (Kaur et al. 2017; Ezzati, 
Mbinda, and Kammen 2000; Carter et al. 2016; Park and Lee 2003). The substantial variation in 
household concentrations of PM2.5 provides evidence that peaks of exposure occur during cooking 
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(especially in scenarios without other sources of pollution), and highlight the importance of using 
personal monitoring to capture a better estimate of true exposure (Clark et al. 2012). 
Limitations 
Our study is limited by a small sample size. The use of the DiSCmini in settings with very 
high exposures over a long period was also challenging. The DiSCmini impactor cut point of 0.7 µm 
was often clogged by large particles in the household setting, resulting in reduced flow to the 
instrumentation. The triplex cyclone was also subject to particle deposition and was cleaned after 
every use. Placement of the collocated instruments in the households also varied due to logistical 
challenges of placing the instrument away from the stove and windows or door, which could affect 
the measurements. There are currently no standards for measuring ultrafine particles in the 
household setting, and we are unsure how the distance from the stove may have affected 
individual household concentrations. Given the lack of standards, it is possible our 24-hour 
concentrations and correlations between PM2.5 mass and PNC would not be generalizable to other 
populations with different environments, fuels, and stove types. Both the pDR and DiSCMini 
results were also impacted by the inability of the instruments to measure high exposure levels that 
could have led to exposure measurement error potentially impacting the correlation between the 
1-minute maximum values for PM2.5 and PNC. The pDR reports a maximum concentration of 4,000 
µg/m3 and the DiSCMini is designed to only count to 1,000,000 particles/cm3. Our data may be 
impacted by an upper limit of detection and the true levels of exposure may be higher than 
reported.  Finally, our measurements are for the kitchen concentrations of PM2.5 and ultrafine 




This study is the first to characterize 24-hour concentrations of both time-resolved PM2.5 
and ultrafine particles from traditional and improved cookstoves. Our results of high correlations 
between 24-hour averages and sub-daily concentrations, indicate that monitoring 24-hour 
average concentrations in similar rural settings may be a reliable and cost-effective method to 
evaluating household-level concentrations of PM2.5 and ultrafine particulate matter. We observed 
differences in correlations in PM2.5 mass and PNC by stove type; additional research is needed to 
understand how the relationship between PM2.5 mass and ultrafine particle concentrations may 
differ by cookstove types, especially given the potential differences in health impacts of these 
small particles. Handheld, portable, instrumentation for monitoring ultrafine particles are useful 
in the field setting and standardized protocols should be developed for use in additional field 
settings. Future studies would benefit from conducting personal monitoring of ultrafine particle 















Figure 4.1: Left: DiSCmini instrument used to collect ultrafine particle number concentration. Right: Example 











*Full sample size is 47; 11 houses had repeated measurements and household characteristics 










Table 4.1: Kitchen Characteristics of Study Homes in Rural Honduras  
N* Mean SD 
Stove Type 
   
Kitchen Volume (m3) 36 35.4 15.4 
Number of Walls 36 4.0 0.0 
Number of Windows 36 1.1 0.7 
Number of Doors 36 1.6 0.7 
Number of People Cooked For 47 5.5 2.5 
Number of Times Cooked 47 3.1 0.88   
N % 















   















Use of Secondary Stove 
   
Yes 47 12 0.3 
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Table 4.2: 24-hour Average Real-Time PM2.5 and Particle Number Concentration (PNC) 
 PM2.5  µg/m3* PNC (pt/cm3) 














Mean 196 69 297 1.2E+05 9.1E+04 1.3E+05 
Median 91 52 176 8.5E+04 6.3E+04 1.3E+05 
Min 9 9 16 4.4E+02 2.5E+04 4.4E+02 
25th 
Percentile 
40 30 47 3.8E+04 4.0E+04 3.3E+04 
75th 
Percentile 
195 104 262 1.8E+05 1.2E+05 2.0E+05 
Max 1438 158 1438 4.1E+05 2.4E+05 4.1E+05 
Standard 
Deviation 
329 50 417 1.0E+05 6.9E+04 1.1E+05 
       
Reduced Sample Among Households that Have Both PM2.5 and PNC 
 PM2.5  µg/m3* PNC (pt/cm3) 














Mean 142 69 215 9.5E+04 8.1E+04 1.1E+05 
Median 66 52 94 6.2E+04 5.5E+04 8.0E+04 
Min 9 9 16 1.9E+04 2.5E+04 1.9E+04 
25th 
Percentile 
30 30 41 3.8E+04 3.8E+04 3.8E+04 
75th 
Percentile 
147 104 237 1.4E+05 8.5E+04 1.6E+05 
Max 1093 158 1093 2.6E+05 2.4E+05 2.6E+05 
Standard 
Deviation 
228 50 307 7.9E+04 7.1E+04 8.6E+04 
*Corrected for gravimetric PM2.5 
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Figure 4.2: Distributions of 24-hour PM2.5 concentrations (N=27) and 24-hour particle number 
concentration (N=44) for traditional and cleaner-burning Justa cookstoves in rural Honduras. Black 


























Figure 4.5: Spearman’s rho correlation matrix of averaging windows for PNC (N=44) 
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Figure 4.6: Example of real-time minute kitchen concentrations of PNC and PM2.5 mass as 24-hour 





Chapter 5: Exposure to household air pollution from biomass cookstoves 
and levels of fractional exhaled nitric oxide (FeNO) among Honduran 
women  
Summary 
Background: Household air pollution is estimated to be responsible for nearly three million 
premature deaths annually. Fractional exhaled nitric oxide (FeNO) may improve the limited 
understanding of the association of household air pollution and airway inflammation. 
Methods: We evaluated the cross-sectional association of FeNO with exposure to 
household air pollution (24-hour average kitchen and personal fine particulate matter and black 
carbon; stove type) among 139 women in rural Honduras using traditional stoves or cleaner-
burning Justa stoves. We additionally evaluated the effect modifying role of age on the observed 
relationship. 
Results: Results were generally consistent with a null association; we did not observe a 
consistent pattern for interaction by age.  
Conclusion: Evidence from ambient and household air pollution regarding FeNO is 
inconsistent, and may be attributable to differing study populations, exposures, and FeNO 
measurement procedures (e.g., the flow rate used to measure FeNO).  
Introduction 
Exposure to household air pollution from the combustion of solid fuels was estimated to 
be responsible for 2.5 million deaths and 77.2 million DALYS (disability-adjusted life years) in 2016 
(Gakidou et al. 2017). The incomplete combustion of solid fuels used for cooking and heating, such 
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as wood or crop residue, emits extremely high levels of particulate matter (PM) and black carbon 
(Roden et al. 2009; Jetter et al. 2012), among other pollutants (Naeher et al. 2007). The resulting 
household air pollution is associated with adverse health outcomes including chronic obstructive 
pulmonary disease (COPD), lung cancer, adult lower respiratory infections, and cardiovascular 
disease (Smith et al. 2014a; Forouzanfar et al. 2016). Household air pollution is a modifiable 
exposure, and cleaner-burning cookstove technologies have demonstrated the potential to 
increase cooking efficiency and reduce human exposure to PM2.5 (fine particulate matter) by 50% 
or more (Bruce et al. 2015). 
The underlying mechanisms of pulmonary diseases associated with air pollution are not 
well understood; however, evidence suggests that exposure may result in increased reactive 
oxygen species and production of proinflammatory cytokines, leading to airway inflammation 
(Bernstein et al. 2004; Holgate et al. 2003; van Eeden et al. 2001). Previous household air pollution 
studies have focused on COPD, acute lower respiratory diseases, and forced expiratory volume; 
however, other pulmonary impacts, such as asthma and airway inflammation, have not been well 
studied.  
Fractional exhaled nitric oxide (FeNO) measured in human breath is a non-invasive method 
to assess subclinical airway inflammation (Dweik et al. 2011). A measure of FeNO quantifies nitric 
oxide (NO) as an indication of eosinophilic inflammation initialized by cytokines and Type 2 helper 
cells (Th2) (Fahy 2009; Zamora, Vodovotz, and Billiar 2000; Possa et al. 2013). A measure of FeNO 
provides unique information on airway inflammation that may complement spirometry, which 
quantifies degree of airflow obstruction (Harnan et al. 2015). Acute and chronic exposure to air 
pollution may result in airway inflammation, which can be quantified by measuring FeNO. Evidence 
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for an association between exposure to ambient air pollution and measured FeNO remains mixed 
(Adamkiewicz et al. 2004; Dubowsky et al. 2006; Dubowsky Adar et al. 2007; Van Amsterdam et 
al. 1999; Modig et al. 2014; Huang et al. 2012; Lars Barregard et al. 2006; Sehlstedt et al. 2010; 
Strak et al. 2010; Riddervold et al. 2012; Muala et al. 2013; Yoda et al. 2014).  Strong evidence 
exists for association between exposure to household air pollution and respiratory disease such as 
COPD and lung cancer,  while evidence for an association with asthma is inconclusive (Torres-
Duque et al. 2008; Po, FitzGerald, and Carlsten 2011; Schei et al. 2004; Kraai et al. 2013; Wong et 
al. 2013; Oluwole et al. 2017). To our knowledge, only one study has assessed the association 
between household air pollution and FeNO, reporting a small increase in FeNO (2 ppb) 
immediately after cooking (Pollard et al. 2014).  
Measures of FeNO have the potential to provide insight into airway inflammation and 
respiratory disease in household air pollution studies when clinical disease outcomes are 
unavailable. Our objective was to evaluate the cross-sectional association of exposure to 
household air pollution (measured personal concentrations and kitchen concentrations of air 
pollutants and stove type) with exhaled nitric oxide in adult women in rural Honduras using 
traditional and cleaner-burning Justa stoves; we additionally evaluated the effect modifying role 
of age on the observed relationship. 
Methods 
All study protocols were approved by the Colorado State University Institutional Review 




The study was conducted in nine communities surrounding the town of La Esperanza, 
Honduras. La Esperanza, located in the mountainous region of Western Honduras, is home to 
approximately 15,000 people. Our target population included all female primary cooks who used 
a traditional cookstove or a cleaner-burning Justa cookstove (See Figure 1). Traditional cookstoves 
in our population are typically self-built wood-burning stoves, with a metal griddle, large 
combustion chamber, and possibly a chimney. The cleaner-burning Justa stove is a common wood-
burning cleaner-burning stove in Latin America with a rocket-elbow combustion chamber, 
chimney, and metal griddle suited to making tortillas.  
Participants 
The study team held local community meetings in villages surrounding La Esperanza and 
presented detailed information regarding the study to the community members. From 500 
households, we selected a convenience sample and visited 170 households from February 9th-April 
30th 2015. We recruited one female cook per household that met the following eligibility criteria; 
age 25-56, non-smoker, not pregnant, and ownership a traditional cookstove or Justa cookstove 
at least 4 months prior to the interview. Upon visitation, eighteen of the 170 households were 
excluded as they did not have a female who meet the eligibility criteria. Two women chose not to 
participate in the study. We enrolled a total of 150 women into the study.   
Exposure to Household Air Pollution 
We assessed exposure to household air pollution using stove type (traditional or Justa) and 
by measuring 24-hour average personal concentrations and kitchen concentrations of PM2.5 and 
black carbon. For kitchen concentrations, monitors for PM2.5 were placed in the kitchen between 
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76 and 127 centimetres above the stove, in the area where a woman cooks, and away from open 
windows and doors. For personal concentration measurements, we placed PM2.5 monitors in a 
small bag that each woman wore throughout the monitoring period except when bathing or 
sleeping. Women were asked to place the bag next to them (on a table or hanging on the wall) 
when not wearing it. The inlet was clipped to the shoulder strap at the front of the woman’s chest 
near her breathing zone. 
PM2.5 was collected on 37-mm PTFE-coated glass fiber filters (FiberfilmTM T60A20, Pall 
Corporation, Port Washington KY, USA). The filters were equilibrated at controlled temperature 
and relative humidity for at least 24-hours and then pre-weighed at Colorado State University 
(CSU) using the microbalance (Mettler Toledo Microbalance, model MX5, resolution and 
repeatability of 1-ug). In the field laboratory, filters were placed into Triplex cyclones with a 
particle cut size of 2.5µm (BGI by Mesa Labs, Butler NJ, USA). Cyclones were attached to pumps 
(SKC AirCheck XR5000, SCKInc, Eighty Four, PA, USA) with a flow rate of 1.5 L/min. Pumps were 
pre-calibrated daily using a flow meter (DryCal Dc-Lite, Bios International, Mesa Labs, NJ, USA).  
We collected one filter blank every two weeks. After collection of the sample filters were stored 
at -22°C and then transported to CSU, equilibrated for temperature and relative humidity, and 
post-weighed. The 24-hour average PM2.5 concentration was calculated from the change in filter 
mass adjusted for the average blank mass. We calculated the limit of detection (LOD) for PM2.5 as 
follows: average mass of blanks + 3 times the standard deviation of the sample masses. All samples 
with a concentration less than the LOD (7 kitchen samples and 7 personal samples) were replaced 
with a value of LOD/√2. Due to a broken DryCal pump needed to calibrate the equipment used for 
PM2.5, we were unable to gather PM exposure measures from 41 houses. In addition, other 
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samples were excluded from analysis due to; AirCheck pumps ran for less than 75% of the intended 
time (<18 hours) (three personal and two kitchen samples); faulty post-weight (one personal 
sample); missing post-calibration data in the field (one kitchen sample). 
Black carbon concentrations were estimated based on the optical transmission of light 
through the air sampling filters (Hansen et al, 1984) using a transmissometer (model OT-21, Magee 
Scientific, USA). Transmission data were converted to mass concentrations based on published 
mass-absorption values for combustion aerosol (Chylek et al, 1981) and corrected for a filter 
loading artefact that leads to an underestimation of the estimation at high sample loading 
(Kirchstetter and Novakov, 2007). The limit of detection was estimated to be 0.86 µg/m3, which 
corresponds to three times the standard deviation of 54 blank samples (additional blank filters 
were used from field sampling campaigns conducted within the same year to estimate the 
reference values for the transmissometer since pre-sampling transmission data were not collected 
on sample filters). Values below the LOD (kitchen: n=3; personal: n=10) were substituted by 
LOD/√2. Detailed information on black carbon is available as supplementary materials. 
Fractional Exhaled Nitric Oxide  
FeNO was measured at a flow rate of 50 ml/s within a range of 5 to 300 ppb using a NIOX 
MINO (Version 9, Aerocrine AB, Solna, Sweden). Each participant completed the FeNO 
measurement on the morning after the 24-hour exposure assessment. Participants stood upright, 
emptied their lungs, inhaled steadily through the NIOX MINO, and then exhaled at a slow and 




Two participants had a value for the FeNO below the limit of detection (LOD) of 5 ppb; we 
replaced these values with the limit of detection divided by the √2. There were no values above 
300 ppb.  
Covariate Assessment 
Questionnaires in Spanish were administered to obtain demographic data and 
anthropometric information in the homes of participants. Responses were entered into the 
electronic data collection system, Open Data Kit (Brunette et al. 2013). As indicators of 
socioeconomic status, we measured the number of beds per person in the household, years of 
formal education, electricity availability, number of assets (cars, bikes, motorbikes, televisions, 
radios, refrigerators, sewing machines, electricity) and a dietary diversity score for each 
participant. To determine an individual’s dietary diversity score women were asked to report all 
food they had eaten in the previous 24-hour period including the number of portions (Arps 2011). 
The final dietary diversity score was a sum of the number of food groups a woman had eaten at 
least one portion of in the past 24 hours, ranging from 1 to 10.  Elevation of the household was 
measured using Maps.me, a cell-phone GPS application (My.com B.V., Version 6.5.3). 
The body mass index (BMI) (kg/m2) and waist-to-hip ratio was measured for each woman 
as measures of obesity. Women self-reported symptoms of nose irritation, cough, mucus, and 
difficulty breathing at the time of our visit. Women were noted to have exposure to second-hand 
smoke if there were any smokers in the household. Physical activity was assessed by obtaining 
information on the number of hours per day and number of days per week women performed 
particular tasks (cut and carried wood, ground corn, washed clothes, milked cows, worked in the 
field, carried heavy items or children, walked normally, walked uphill, and sat relaxing). The 
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number of hours dedicated to each activity was multiplied by a corresponding metabolic 
equivalent (MET) and summed over a week to evaluate overall physical effort (Ainsworth et al. 
2011).  
Statistical analysis 
Data were analysed using SAS® software version 9.4 (SAS Institute, Inc., Cary, NC, USA). We 
used descriptive statistics, such as frequencies and relative frequencies, to summarize the 
exposure measures, health measures, and covariates for all participants who had a FeNO value.  
We calculated Spearman correlation coefficients for the kitchen and personal PM2.5 and 
kitchen and personal black carbon. We used linear regression to assess the association between 
age and FeNO and height and FeNO. In addition, we evaluated the association between self-
reported health symptoms and FeNO using linear regression, adjusting for a-priori confounders 
age, height, waist-to-hip ratio and dietary-diversity score.  
We used separate linear regression models to evaluate the association between stove type 
and FeNO and between each of the four measured pollutants (kitchen PM2.5, personal PM2.5, 
kitchen black carbon, and personal black carbon) and FeNO. FeNO and pollutant measurements 
were log transformed to meet model assumptions. We chose potential confounders based on a-
priori knowledge (A.-C. Olin 2006; Dressel et al. 2008). These included age, height, a measure of 
obesity (BMI or waist-to-hip ratio), and a measure of socio-economic status (years of education, 
beds per person, electricity status, number of assets, and dietary diversity score). We evaluated 
the crude association between FeNO and the various options for confounding by obesity and 
socio-economic status (SES). Among the obesity and socio-economic status options, the variable 
with the strongest crude association with FeNO was chosen for inclusion in the model. All final 
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models were adjusted for age, height, waist-to-hip ratio, and dietary diversity score as a measure 
of SES (Savy et al. 2006).  
 We also assessed additive interaction between air pollution concentrations and age using 
a dichotomous age variable (less than 40 years and older or equal 40 years old) by including a 
multiplication term in both crude and adjusted models (Clark and Peel 2014). In additional 
sensitivity analyses, we evaluated for confounding using additional alternative measures of obesity 
(weight and BMI) and socioeconomic status mentioned above. We also conducted the analysis 
after removing five participants who reported exposure to second-hand smoke and after removing 
persons who reported having a respiratory symptom at the time of measurement (difficulty 
breathing, sore throat, mucus, tight chest, or cough). Finally, we removed the upper and lower 5% 
of FeNO values to assess the sensitivity of the model results to extreme values.  In addition, we 
conducted a sensitivity analysis removing all persons who reported having a respiratory symptom 
at the time of measurement (difficulty breathing, sore throat, mucus, tight chest, or cough). 
Results 
A total of 150 women completed the study; 139 had FeNO measurements, 98 had 
measurements of FeNO, PM2.5, and black carbon. Baseline population characteristics are 
presented in Table 1. The average age of women in the study was 37.1 years (SD: 9.1), average 
BMI was 25.8 kg/m2 (SD: 4.2), and about half the population (n=66) had less than 6 years of 
education. Age, height, waist-to-hip ratio, and diet diversity score were similar between the two 
stove type groups. Years of school varied somewhat between the two stove groups, with more 
traditional stove users having less than 6 years of education (53.5%) compared to Justa stove users 
(42.4%).  
77 
Fractional exhaled nitric oxide values ranged from 3.5 ppb to 95 ppb, with a mean of 17.9 
ppb and median of 15.0 ppb (standard deviation [SD]:12.1). Among traditional stove users, mean 
FeNO was 17.4 ppb and the median was 14.5 ppb (SD: 10.8), while Justa stove users had a mean 
FeNO of 18.5 ppb and median 16.0 ppb (SD: 13.4). Of the 11 women who did not complete the 
FeNO measurement, eight women attempted the measurement but were not successful in 
maintaining their exhaled breath after more than eight attempts. In addition, three women did 
not attempt the FeNO measurement due to recent surgery or stroke. The 11 women excluded 
from the analysis had similar exposures to the rest of the sample population.   
The four 24-hour continuous pollutant measures were strongly correlated. Within 
pollutants, there was a positive correlation between kitchen concentrations and personal 
concentrations to PM2.5 (0.80) and kitchen and personal black carbon (0.77). PM2.5 and black 
carbon exposures were correlated among kitchen measurements (0.89) and personal 
measurements (0.78). Twenty-four hour average concentrations of each pollutant are shown in 
Table 2. As expected, kitchen PM2.5 was higher than personal PM2.5 with means of 254 µg/m3 (SD: 
329) and 100 µg/m3 (SD: 70) respectively. The same pattern holds for kitchen and personal black 
carbon. In addition, women who owned traditional stoves were exposed to higher concentrations 
of each of the two pollutants than women who owned Justa stoves.  
We did not observe associations between age or height and FeNO (Table 3). Several self-
reported respiratory symptoms were associated with increasing FeNO (Table 3). For example, after 
adjusting for age, height, waist-to-hip ratio and dietary diversity score, women who reported 
having a cough at the time of the assessment had a 78% higher FeNO level than those who did not 
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report a cough (95% CI: 37.9%, 129.9%). Similarly, women who reported having current mucus 
had a 46% higher FeNO level (95% CI: 9.6%, 93.7%) than those who did not report current mucus.  
Crude and adjusted linear regression results for household air pollution are presented in 
Table 4. Given the log-transformed dependent variables (FeNO) and the log-transformed 
independent continuous pollution exposure variables, we present the results for continuous 
exposures as the percent increase or decrease in FeNO for a 25% increase in pollutant exposure. 
Overall results for the continuous pollution measurements were consistent with a null association. 
For example, a 25% higher personal PM2.5 concentration was associated with a 0.6% higher FeNO 
level (95% CI: -3.39-4.82). The estimates for categorical stove type are presented as a percent 
increase in FeNO as compared to the reference group (Justa stove).  Again, the results were 
consistent with a null association. In Table 5.4, we also present a sensitivity analysis removing the 
top and bottom 5% of FeNO values. The results demonstrate that the adjusted models were 
somewhat sensitive to the highest and lowest FeNO values, but overall it is difficult to determine 
the impact, given the wide confidence intervals. In our interaction analysis, presented in Table 5, 
participants who were 40 years or older tended to have a larger percent increase in FeNO in 
relation to exposure to household air pollution compared to the younger participants, although 
the evidence for interaction was not strong. The additional sensitivity analyses had similar results 
(results not presented). 
Discussion 
Our study provided a unique opportunity to examine associations between measures of 
exposure to household air pollution and FeNO, a measure of airway inflammation. We add to the 
limited body of evidence investigating these associations among adults; particularly, our study is 
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the first (to our knowledge) to examine the association of FeNO and household air pollution among 
healthy adult women using direct exposure measurements of PM2.5 and black carbon.  
We observed that although traditional stove users were exposed to an average of 40% 
higher levels of fine particulate matter compared to Justa stove users, the 24-hour measures of 
pollutant exposure for both stove users surpassed the concentration guideline for PM2.5 of 25 
µg/m3 24-hour average set by the World Health Organization (WHO) (World Health Organization 
2006a) (Figure 3). It is critical that cleaner-burning cookstove exposure levels are reduced as close 
as possible to the WHO guidelines in order observe population-level improvements on health 
outcomes. The median FeNO levels observed in our population are slightly higher (14.5 ppb among 
traditional stove users and 16.0 ppb among Justa stove users) than the levels seen in a similar 
study among a sample of women in Peru using biomass burning cookstoves (10 ppb among 
traditional stove users and 10.5 ppb among cleaner-burning stove users) (Pollard et al. 2014). 
Pollard et al. reported a non-meaningful 2 ppb increase in exhaled nitric oxide among all 
participants in rural households immediately after a cooking event; however, they did not directly 
measure pollutant concentrations.  
Overall, we did not observe evidence supporting the hypothesis that increased exposure 
to household air pollution was linked to airway inflammation as measured by FeNO, after adjusting 
for potential confounders.  Evidence from studies on associations of ambient air pollution with 
FeNO have been inconsistent (Dubowsky Adar et al. 2007; Adamkiewicz et al. 2004; Huang et al. 
2012; Strak et al. 2010; Yoda et al. 2014; Sehlstedt et al. 2010; Riddervold et al. 2012; Muala et al. 
2013). For example, although positive associations have been demonstrated between increased 
levels of ambient PM2.5 and black carbon and FeNO among healthy adults (Adamkiewicz et al. 
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2004; Dubowsky Adar et al. 2007; Huang et al. 2012), several studies reported null results similar 
to ours (Yoda et al. 2014; Strak et al. 2010). Additionally, several chamber and panel studies of 
direct exposure to wood smoke and FeNO have also reported results that do not support an 
association. (Riddervold et al. 2012; Sehlstedt et al. 2010; Muala et al. 2013; Stockfelt et al. 2012). 
FeNO measured at a constant flow rate has been highlighted as a simple, reproducible, 
non-invasive biomarker of eosinophilic airway inflammation for use in air pollution studies. The 
inconsistent results observed in the literature may be due in part to the technology available to 
assess FeNO. Varying the flow rate at which FeNO measurements are collected may allow 
researchers to partition the source of nitric oxide into two distinct anatomical regions; the 
proximal and distal airways (Tsoukias & George 1998; Eckel & Salam 2013). The current ATS 
standard is for a flow rate of 50 ml/sec, providing information from the proximal airways (Hogman 
et al. 1997; Dweik et al. 2011; Silkoff et al. 1997). FeNO measured or calculated for a higher flow 
rate, such as 270 ml/sec (FeNO270), may be associated with airway inflammation from the distal 
compartment (S. P. Eckel and Salam 2013; George et al. 2004).   
Previous studies examining the association between air pollution and FeNO at different 
flow rates have reported inconsistent results for the proximal and distal airways, indicating 
potential mechanistic differences of exposure (L Barregard et al. 2008; Stockfelt et al. 2012). For 
example, a cohort study among 5,841 Swedish adults explored the association between ozone and 
PM10 on FeNO measured at 50 ml/sec and 270 ml/sec, respectively (Modig et al. 2014). The 
authors observed no clear effect of PM10 on either measure of FeNO, however after adjusting for 
other pollutants, they observed an interquartile range increase in 120-hour ozone was associated 
with a 5.1% (95% CI: 1.7%-8.5%) higher FeNO270 measurement and associated (although not 
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significantly) with a 3.6% (-0.4% to 3.4%) higher FeNO50  (Modig et al. 2014). In addition, a wood 
smoke chamber study by Barregard et al. 2008 reported a net increase in FeNO270 from distal 
airways three hours post exposure, but no increase in FeNO50 from proximal airways (L Barregard 
et al. 2008). 
Our study is limited to the approximation of eosinophilic inflammation in the proximal 
airways measured by a flow rate of 50 ml/sec (FeNO50). It may be useful for future studies to assess 
FeNO associated with the distal airways because PM2.5 is small enough to deposit in the distal 
airways and alveoli (Muhammad T Salam et al. 2012; Brauer et al. 2001). Assessing inflammation 
that may have a stronger expected association to the distal airways would require measurements 
of exhaled NO at a different flow rate. For example, the semi-portable electrochemical analyser 
Hypair FeNO  mediansoft Exp’air (50, 100, 150 ml/sec), could be used in the field setting.  
The cross-sectional nature of the study design may limit our ability to establish that 
exposure preceded airway inflammation. We attempted to address this potential limitation by 
including only women who had been using a cleaner-burning cookstove for more than four months 
(average length of Justa stove ownership was just under two years). Selection bias is not expected 
given that selection into the study was not likely related to both exposure and FeNO levels. In 
addition, we believe any exposure measurement error would not be responsible for our null 
findings. Although we had a relatively small sample size, the association between FeNO and self-
reported respiratory symptoms indicates we may have accurately captured airway inflammation 
as it relates to the presence of symptoms (Dressel et al. 2008; S. A. Kharitonov, Yates, and Barnes 
1995; Anna Carin Olin et al. 2010). While we did not see an association between FeNO and age or 
FeNO and height, as we would have expected based on previous literature, (A. C. Olin, Alving, and 
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Torén 2004; A.-C. Olin 2006; Anna Carin Olin et al. 2010; Dressel et al. 2008; Pignatti and 
Spanevello 2016), this may be due to the relatively small range of age and height in our study.  For 
example, our study population only covered adults age 25-56 (mean 37.1 years, SD: 9.1 years). In 
addition, we observed very little variability in height (mean: 57 inches, SD: 1.8 inches) which may 
have influenced our inability to capture an association between FeNO and height. Our crude and 
adjusted linear regression models were not substantially different, indicating that measured 
confounding was likely not a concern in our study; however measurement error or residual 
confounding, for example by SES, may still exist. Finally, we did not include questions in our 
demographic and health survey that would provide insight into the asthma, atopy, or genetic 
variations the participants. Asthma or atopy status and genetic variations are thought to modify 
the effect of air pollution on FeNO (M T Salam et al. 2011; Muhammad T Salam et al. 2012; 
Muhammad T. Salam et al. 2015); similar effect modification could be expected in household air 
pollution.  
In conclusion, we did not observe evidence of increased eosinophilic airway inflammation 
from exposure to household air pollution. It may be important to consider measurements of this 





PPB, parts per billion; SD, Standard Deviation 
1Physical Activity: The sum of metabolic equivalents including the following self-reported activities: cut 
wood, grind corn, wash clothes, milk the cow, work in the field, carry a heavy weight and walk normally 
outside the house. For each activity the number of hours per week was calculated and multiplied with the 
corresponding metabolic equivalent (MET) from the Compendium of Physical Activities (Ainsworth et al. 
2015). 
2 Total N=138; Traditional = 72; Justa = 67 
3 Dietary Diversity Score: The sum of the number of food categories consumed in the past 24-hours (10 
categories); used as an indicator of socioeconomic status (Savy et al. 2006)
Table 5.1: Population characteristics among nonsmoking primary female cooks using traditional 
or cleaner-burning Justa stoves, rural Honduras (N=139)  
Total (N=139) Traditional (N=72)  Justa (N=67)  
N (%) or Mean (SD) ; 
range  
N (%) or Mean (SD) 
; range  
N (%) or Mean (SD) ; 
range  
Age (years) 37.1 (9.1); 25-56 38.3 (9.9); 25-56 35.9 (7.9); 25-56 
Height (inches) 57.0 (1.8); 53.75-
62.5 
56.9 (1.9); 53.5-62.5 57.2 (1.7); 54.0-61.3 
Waist-to-hip ratio 0.87 (0.06); 0.7-1.1 0.88 (0.06); 0.74-
1.09 
0.86 (0.05); 0.8-0.1 
Body mass index (kg/m2) 25.8 (4.2); 17.6-37.5 25.5 (4.4); 17.5-37.5 26.2 (3.8); 18.2-33.6 
Physical activity (MET)1 212 (103); 31-542 216 (110); 31-542 209 (95); 46-444 




1938 (112); 1729-2157 
Beds per person2 0.52 (0.18); 0.2-1.0 0.50 (0.17); 0.2-1.0 0.55 (0.19); 0.25-1.0 
Diet diversity score3 6.1 (1.7); 2-10 6.1 (1.7); 3-10 5.9 (1.6); 2-10 
Years of education    
     Less than six years 66 (48.1%) 38 (53.5%) 28 (42.4%) 
     Six or more years 71 (51.8%) 33 (46.5%) 38 (57.6%) 
Years spent cooking with 
biomass 
25.6 (9.9); 7-50 26.6 (10.8); 7-49 24.5 (8.8); 9-50 
Self-reported exposure to 
secondhand smoke  
5 (3.6%) 5 (3.6%) 0 (0%) 
Fractional exhale nitric oxide 
(ppb) 





Table 5.2: 24-hour average kitchen and personal fine particulate matter and black carbon concentrations, traditional and 
Justa stove users, rural Honduras  
All Participants Traditional Stove Users Justa Stove Users 
 
N Min 25th Median 75th Max N Min 25th Median 75th Max N Min 25th Median 75th Max 
24–hour 
average 
kitchen PM2.5  
(µg/m3) 
















Black Carbon  
(µg/m3) 
98 1 4 7 17 123 58 1 6 14 32 123 40 1 1 4 8 47 
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Cl: Confidence interval; PM2.5: fine particulate matter 
1 Model was adjusted for height, waist-to-hip ratio, and dietary diversity score 
2 Model was adjusted for age, waist-to-hip ratio, and dietary diversity score 
3 Exhaled nitric oxide was log-transformed. Categorical variable beta coefficients were entered into the 
formula (e^β-1)*100). The estimates for the categorical measures of exposure can be interpreted as the 




Table 5.3: Estimated crude and adjusted percentage difference in fractional exhaled nitric oxide 
in relation to measures of current, self-reported symptoms among traditional and Justa stove 










Age (years)1 139 <0.1 (-0.2, 0.3) <0.1 (-0.2, 0.3) 
 
Height (inches)2  139 -0.1 (-1.3, 1.1) -0.01 (-1.2, 1.2) 
 
Cough3 
     
No 118 ref 
   
Yes 21 78.8 (38.8, 
130.2) 
78.1 (37.9, 
129.9)       
Chest Tightness3 
     
No 128 ref 
   
Yes 11 17.6 (-17.9, 
68.3) 
19.0 (-17.4, 
71.4)       
Mucus3 
     
No 121 ref 
   
Yes 18 47.4 (11.2, 
95.3) 
45.7 (9.6, 
93.7)       
Difficulty 
Breathing3  
     
No 129 ref 
   
Yes 10 42.1 (-2.0, 
105.9) 
39.6 (-4.34, 
103.7)       
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Table 5.4: Estimated crude and adjusted1 percentage difference in fractional exhaled nitric oxide in relation 
to measures of exposure to household air pollution (per 25% increase in 24-hour average measured 










24–hour average kitchen PM2.5  
(µg/m3)2 
98 0.3 (-2.0, 2.7) 0.4 (-2.0, 2.9) 
24–hour average personal PM2.5 
(µg/m3) 2 
98 0.8 (-3.1, 4.9) 0.6 (-3.4, 4.8) 
      
24–hour average kitchen Black 
Carbon  (µg/m3) 2 
98 -0.1 (-1.8, 1.6) -0.1 (-1.9, 1.7) 
24–hour average personal Black 
Carbon (µg/m3) 2 
98 <0.0 (-2.1, 1.9) -0.1 (-2.1, 2.0) 
      
Stove Type3  139 
    




Traditional 72 -6.5 (-22.9, 
13.6) 
-6.2 (-23.3, 
14.6)       
Top and Bottom 5% Removed N Crude 
Estimate 
95% CI Adjusted 
Estimate 
95% CI 
24–hour average kitchen PM2.5   
(µg/m3)2 
86 0.4 (-1.6, 2.5) -0.1 (-2.2, 2.1) 
24–hour average personal PM2.5  
(µg/m3)2 
86 0.8 (-2.5, 4.2) -0.2 (-3.5, 3.3) 
      
24–hour average kitchen Black 
Carbon  (µg/m3)2 
86 0.4 (-1.0, 1.9) <0.0 (-1.7, 1.7) 
24–hour average personal Black 
Carbon (µg/m3)2 
86 0.2 (-1.5, 1.9) -0.3 (-2.0, 1.5) 
      
Stove Type3 122 
    
Justa 59 ref 
   




Cl: Confidence interval; PM2.5: fine particulate matter 
1Models were adjusted for age, height, waist-to-hip ratio, and dietary diversity score 
2Exhaled nitric oxide and measured pollution were both log transformed. Beta coefficients were entered into 
the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution 
exposures as a percent increase in exhaled nitric oxide for each 25% increase in exposure. Example: There is 
a 0.4% higher FeNO level with a 25% higher kitchen PM2.5 concentration. 
3Exhaled nitric oxide was log-transformed. Categorical variable beta coefficients were entered into the 
formula (e^β-1)*100). The estimates for the categorical measures of exposure can be interpreted as the 
percent difference in FeNO when comparing traditional stove to the reference (Justa stove) 
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Cl: Confidence interval; PM2.5: fine particulate matter 
1All models adjusted for height, waist-to-hip ratio, and dietary diversity score 
2Exhaled nitric oxide and measured pollution are both log transformed. Beta coefficients were entered into 
the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution 
exposures as a percent increase in exhaled nitric oxide for each 25% increase in exposure. Example: There is 
a 0.2% higher FeNO level with a 25% higher kitchen PM2.5 concentration among women less than 40 years 
old. 
3Exhaled nitric oxide was log-transformed. Categorical variable beta coefficients were entered into the 
formula (e^β-1)*100). The estimates for the categorical measures of exposure can be interpreted as the 




Table 5.5: Estimates for effect modification by age (dichotomized at the median value of 40 years) 
for the percentage difference in fractional exhaled nitric oxide in relation to measures of exposure 
to household air pollution (per 25% increase in 24-hour average measured pollution, or by stove 




95% CI P-value for 
interaction 
24–hour average kitchen PM2.5   (µg/m3)2 
   
0.8 
Age < 40  66 0.2 (-3.1, 3.5) 
 
Age ≥ 40 32 0.7 (-3.1, 4.6) 
 
24–hour average personal PM2.5  (µg/m3)2 
   
0.4 
Age < 40  66 -0.6 (-5.4, 4.5) 
 
Age ≥ 40 32 3.6 (-3.9, 11.6) 
 
24–hour average kitchen Black Carbon  
(µg/m3)2 
   
0.9 
Age < 40  66 -0.2 (-2.5, 2.1) 
 
Age ≥ 40 32 0.05 (-2.7, 2.8) 
 
24–hour average personal Black Carbon 
(µg/m3)2 
   
0.8 
Age < 40  66 -0.2 (-2.7, 2.4) 
 
Age ≥ 40 32 0.4 (-3.1, 3.9) 
 
Stove Type3 (traditional compared to 
Justa [ref]) 
    
Traditional   
  
Age < 40  72 -12.9 (-31.9, 
11.3) 
0.3 























Figure 5.1: 24-hour average kitchen PM2.5 concentrations, Traditional and Justa Stove Users, Rural 
Honduras (n=98) 
PM2.5: fine particulate matter. Top and bottom lines of rectangle represent the75th and 25th 
percentiles. The middle line represents the median. The top whisker denotes the value of the 3rd 
quartile plus 1.5 times the IQR. The bottom whisker denotes the value of the 1st quartile minus 1.5 























Chapter 6: Household air pollution from wood-burning cookstoves and 
markers of systemic of inflammation among women in rural Honduras  
Summary 
Household air pollution from the burning of solid fuels is estimated to cause 2.5 million 
deaths worldwide each year. Cardiovascular and related disease is suspected to contribute 
substantially to the burden, although evidence is limited. We evaluated the cross-sectional 
association of household air pollution with inflammatory markers, as indicators of cardiovascular 
disease risk, among women in rural Honduras using traditional or cleaner-burning Justa stoves. 
In a cross-sectional study, we measured 24-hour gravimetric kitchen and personal fine 
particulate matter (PM2.5) and black carbon concentrations for 106 female primary cooks. Markers 
of systemic inflammation (C-reactive protein [CRP], Serum Amyloid A [SAA], Interleukin 1-β [IL-1 
β], IL-8, Tumor Necrosis Factor-α [TNF- α], Intercellular Adhesion Molecule 1 [ICAM-1], and 
Vascular Cell Adhesion Molecule [VCAM]) were measured from dried blood spots. We used linear 
regression, adjusting for age, body mass index, education, and number of household assets. We 
also assessed effect modification by risk factors, including age, obesity, diabetes and hypertension, 
associated with cardiovascular disease. 
The median 24-hour-average kitchen PM2.5 concentration was 132 µg/m3, 25th-75th: 62-
374 µg/m3 (Traditional stoves: 181µg/m3, 25th-75th: 91-511 µg/m3; Justa stoves: 71 µg/m3; 25th-
75th: 38-159 µg/m3). Increased concentrations of average 24-hour kitchen and personal PM2.5 and 
black carbon were associated with increased levels of SAA (e.g. a 25% higher personal PM2.5 
concentration was associated with an 8.3% increase in SAA levels [95% CI (confidence interval): 
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2.3-14.7]). Similar results were observed for CRP (e.g., a 25% increase in personal PM2.5 exposure 
was associated with a 10.5 % increase in CRP levels [95% CI: 1.2-20.6]). Results for IL-8, IL-1 β, TNF- 
α, ICAM-1, and VCAM were generally consistent with a null association. We observed inconsistent 
results for effect modification by several risk factors in the association of exposure and various 
markers of inflammation.  
The results are consistent with air pollution literature and support the hypothesis that 
exposure to household air pollution is associated with some markers of systemic inflammation, 
such as CRP and SAA.   
Introduction 
Short-term and long-term exposure to particulate matter is associated with increased risk 
for cardiovascular morbidity and mortality (Polichetti et al. 2009; Pope 2000; Franklin, Brook, and 
Arden Pope 2015; Gold and Mittleman 2013; Newby et al. 2015; Hoek et al. 2013; Atkinson et al. 
2014; Robert D Brook et al. 2010). The use of solid biomass fuels, such as wood, dung or crop 
residue, for cooking results in chronically high levels of exposure to particulate matter and black 
carbon. The majority of the household air pollution burden of disease is among those living in low 
and middle income countries (LMIC), where approximately 80% of all cardiovascular deaths also 
occur (Bowry et al. 2015). Exposure to household air pollution was estimated to be responsible for 
77.2 million DALYS (disability-adjusted life years) and 2.5 million deaths in 2016 (Gakidou et al. 
2017), with cardiovascular-related illness making up about 16.8% of the disease total burden 
(Gakidou et al. 2017).  
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Although there is suggestive evidence that exposure to household air pollution is 
associated with cardiovascular disease (CVD), much of our understanding relies on the 
extrapolation of evidence from the fields of ambient air pollution and second-hand smoke (Smith 
et al. 2014a).  
The mechanisms of the association between particulate matter and cardiovascular disease 
remain unclear, but include potential pathways through systemic inflammation, endothelial 
dysfunction, and oxidative stress (R. D. Brook et al. 2010; Pearson et al. 2003; Caravedo et al. 
2016). One proposed mechanistic pathway of inhaled particles linking particulate matter exposure 
to CVD begins when inhaled particles are deposited into the lungs. The deposition of particles in 
pulmonary tissue initiates oxidative stress and the redox-pathways that activate the production of 
pro-inflammatory cytokines (Franklin, Brook, and Arden Pope 2015). This potential mechanistic 
pathway is often considered the “spillover” pathway in which oxidative stress mediators produced 
in the lungs “spillover” into systemic circulation (Franklin, Brook, and Arden Pope 2015).  
Clinical biomarkers of cardiovascular disease risk, such as inflammatory markers like 
cytokines, acute phase proteins, and cellular-adhesion molecules, may provide critical information 
into disease pathways (Pearson et al. 2003). For example, cytokines, low molecular weight 
proteins, respond to both acute and chronic inflammation and have been used as clinical markers 
of cardiovascular disease (Feghali and Wright 1997; Pearson et al. 2003). Acute phase proteins 
including C-reactive protein (CRP) and Serum Amyloid A (SAA) are produced in the liver during 
inflammation. Expression of circulating CRP in the blood is an indication of inflammatory activity 
and predictor of future cardiovascular disease (Ridker 2003; Johnson et al. 2004). Cellular-
adhesion molecules, such as Intercellular Adhesion Molecule 1 (ICAM-1) and Vascular Cell 
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Adhesion Molecule 1 (VCAM-1), are increased in endothelial inflammation and raised levels are 
also associated with various cardiovascular diseases (Teixeira et al. 2014; Blann and Lip 2000).   
There is toxicological and epidemiological evidence from the field of air pollution, including 
woodsmoke exposure, that increased levels of particulate matter exposure are associated with 
increased levels of biomarkers of endothelial  and systemic inflammation (Allen et al. 2011; R. D. 
Brook et al. 2010; W. Li et al. 2016; Vossoughi et al. 2014; Calderón-Garcidueñas et al. 2008; van 
Eeden et al. 2001; Tsai et al. 2012; Y. Li et al. 2012; Lars Barregard et al. 2006; L Barregard et al. 
2008). Observational studies from the field of household air pollution also provide evidence for an 
association between household air pollution and increased inflammatory markers (Caravedo et al. 
2016; Dutta, Ray, and Banerjee 2012).  
Chronic diseases, such as cardiovascular disease, are difficult to study in household air 
pollution research. Such research requires a large sample size, is time-consuming, costly, and 
impractical in many field settings (McDade, Williams, and Snodgrass 2007). In this cross-sectional 
study among rural Honduran women, we used a minimally invasive method of finger-stick dried 
blood spots to assess a comprehensive biomarker panel of systemic inflammation and 24-hour 
average exposure to household air pollution. Additionally, we evaluated the association between 
household air pollution and systemic inflammation by risk factors associated with cardiovascular 
disease risk including age, obesity, diabetes status, and high blood pressure (Dubowsky et al. 
2006). Our goal was to utilize reproducible, cost-effective, subclinical markers of cardiovascular 
disease risk in a field setting to improve our understanding of the association between household 
air pollution exposure and cardiovascular disease risk (Rajagopalan and Brook 2012; E. M. Miller 
and McDade 2012).  
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Methods 
Study protocols were approved by the Colorado State University Institutional Review 
Board. 
Study Setting 
The study was conducted in nine rural communities surrounding a small town of La 
Esperanza, Honduras. La Esperanza is home to approximately 15,000 people and located in the 
mountainous region of Western Honduras. Electricity is scarce in the rural villages around La 
Esperanza and households continue to utilize cookstoves with firewood for their cooking needs. 
Traditional cookstoves in the communities are typically self-built wood burning stoves, with a 
metal griddle, and a chimney. Improved Justa cookstoves are a common wood-burning stoves in 
Central America. The Justa design includes a rocket-elbow combustion chamber, metal griddle, 
and chimney (Figure 1).  
Participants 
The study team visited villages surrounding the town of La Esperanza and presented 
detailed information about participation in the research study. From 500 households, we selected 
a convenience sample and visited 170 households from February 9th-April 30th 2015. The female 
primary cook in each household was recruited to participate in the study. Enrollment criteria 
required that the primary cook own a traditional or improved Justa cookstove (built at least 4 
months prior to the interview) and be age 25-56 years, a non-smoker, and not pregnant. Our final 
sample size was 150 households; eighteen households were excluded as they did not have a 
female primary cook who met the eligibility criteria and two women chose not to participate. Study 
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participants provided informed consent and received an incentive of USD$5 worth of food items 
for their participation.  
Exposure to Household Air Pollution 
Gravimetric PM2.5 was measured using Triplex cyclones with a particle cut size of 2.5µm 
(BGI by Mesa Labs, Butler NJ, USA). Air was pulled through the cyclone by an external pump (SKC 
AirCheck XR5000, SCKInc, Eighty Four, PA, USA) that was pre-calibrated daily using a flow meter 
(DryCal Dc-Lite, Bios International, Mesa Labs, NJ, USA) and set to at a flow rate of 1.5 L/min. PM2.5 
was collected on 37-mm PFTE-coated glass fiber filters (FiberfilmTM T60A20, Pall Corporation, Port 
Washington KY, USA). The filters were equilibrated for at least 24-hours and then pre-weighed at 
Colorado State University (CSU) using a microbalance (Mettler Toledo Microbalance, model MX5, 
resolution and repeatability of 1-ug). After collection of the sample, filters were stored at -22°C 
and then transported to CSU, equilibrated for temperature and relative humidity, and post-
weighed. One filter blank was collected every two weeks. 
We measured kitchen and personal 24-hour concentrations of PM2.5 and black carbon. 
Kitchen exposure monitors were placed between 76 and 127 centimeters above the stove and 
away from open windows and doors. In order to capture the personal concentration, the exposure 
monitor was placed in a small bag that each participant wore over the 24-hour period (except 
when bathing or sleeping). Women were instructed to place the bag with the monitor next to their 
bath or bed when not wearing it. The inlet to the cyclone was clipped to a strap near the woman’s 
breathing zone on her chest.  
The PM2.5 limit of detection (LOD) was calculated as follows: average mass of blank filters 
plus 3 times the standard deviation (SD) of the sample blank filter masses. All samples with a 
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concentration less than the LOD (7 kitchen samples and 7 personal samples) were replaced with a 
value of LOD/√2.  We calculated gravimetric PM2.5 concentration as the change in filter mass 
adjusted for the average blank mass. A 24-hour time-weighted average was calculated as the total 
weight of the filter divided by the air volume sampled (average flow rate times total minutes 
sampled). Due to a broken DryCal pump needed to calibrate the equipment used for PM2.5, we 
were unable to gather PM exposure measures from the first 41 houses recruited into the study. 
In addition, other samples were excluded from analysis due to; the AirCheck pumps running for 
less than 75% of the intended time (<18 hours) (three personal and two kitchen samples), faulty 
filter weight (one personal PM2.5 sample), and missing post-calibration data in the field (one 
kitchen PM2.5 sample). 
Black carbon concentrations were estimated based on the optical transmission of light 
through the air sampling filters (Hansen et al, 1984) using a transmissometer (model OT-21, Magee 
Scientific, USA). Transmission data were converted to mass concentrations based on published 
mass-absorption values for combustion aerosols (Chylek et al, 1981) and corrected for a filter 
loading artifact wherein an underestimation of the estimation occurs at high sample loading 
(Kirchstetter and Novakov, 2007). The LOD was estimated to be 0.86 µg/m3, which corresponds to 
three times the standard deviation of 54 blank samples (additional blank filters were used from 
field sampling campaigns conducted within the same year to estimate the reference values for the 
transmissometer since pre-sampling transmission data were not collected on sample filters). 
Values below the LOD (3 kitchen samples and 10 personal samples) were substituted by LOD/√2. 
We also evaluated exposure to household air pollution using stove type (traditional 
cookstove or cleaner-burning Justa stove). 
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Markers of Systemic Inflammation 
Markers of systemic inflammation were assessed via dried blood (Mei et al. 2001). In order 
to obtain the dried blood spots (DBS), each woman had her finger pricked with a sterile disposable 
1.75 mm point BD GenieTM lancets (BD, Franklin Lakes, USA),  and blood was spotted onto a 
standardized filter paper (See Figure 2) (903 Protein Saver Card, Schleicher & Schuell, NH). The 
samples were obtained in the morning between the hours of 7:30am and 12:00pm. The samples 
were dried overnight, placed in baggies with desiccant and humidity indicator cards, frozen at -
22°C in Honduras, and then transported and stored at Colorado State University at -80°C. Samples 
were shipped to the National Health and Environmental Effects Laboratory of the U.S. 
Environmental Protection Agency for analysis. The Human Pro-Inflammatory-4 II Base Kit (IL-Iβ, 
TNF-α, IL-6, and IL-8) and the V-PLEX Plus Vascular Injury Panel 2 (human) kit (ICAM-1, VCAM-1, 
CRP, SAA) were used with the Meso Scale Multiplex instrument (Meso Scale Discovery; 
Gaithersburg, MD).  
Additional Information 
To estimate diabetes-related information for our effect modification analyses, we 
measured glycated hemoglobin (HbA1c) with a 5 µl finger stick sample of blood. The sample was 
analyzed in the field with the A1CNow+® system (PTS Diagnostics, Indianapolis, USA). We defined 
prediabetes as participants having a HbA1c ≥5.7% and ≤6.4%, while diabetes was defined as having 
HbA1c >6.4% (Alberti et al. 2009). Due to a limited number of participants with diabetes based on 
the HbA1c levels (n=3) we combined prediabetes and diabetes into one category.  
Blood pressure was measured using the SphygmoCor XCEL Central Blood Pressure 
Measurement System (AtCor Medical Pty Ltd, Australia), recorded at the brachial artery on the 
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woman’s right arm with a 23-33 cm cuff. Three consecutive measurements were taken for each 
participant after a 10-minute rest period. The average of the last two measurements was 
recorded. We categorized blood pressure into normal blood pressure (systolic <120 mmHg and 
diastolic <80 mmHg) and borderline high or high blood pressure (systolic ≥120 mmHg and/or 
diastolic ≥80 mmHg). Blood pressure analyses are reported in Young et al. (under review). 
The study team administered in-person demographic surveys in the homes of participants. 
Responses were recorded on a tablet into an electronic data collection system, Open Data Kit 
(Brunette et al. 2013). We gathered data on the number of beds per person in the household, 
years of formal education, access to electricity, the number of assets (cars, bikes, motorbikes, 
televisions, radios, refrigerators, sewing machines, electricity), and dietary diversity score as 
indicators of socioeconomic status (SES). For the dietary diversity score, women reported all food 
eaten in the previous 24-hour period and the number of portions (Arps 2011). The final dietary 
diversity score was a sum of the number of food groups a woman had eaten at least one portion 
of in the past 24 hours, ranging from 1 to 10.  Surveys were also used to collect information on 
cooking and exposure to secondhand smoke. Anthropometric data were gathered at the homes 
of women. We dichotomized body mass index (BMI) into <25.1 or ≥ 25.1 kg/m2 based on the 
median value for our effect modification analyses. Women self-reported any medication use at 
the time of the study.   
Statistical Analysis 
Data were analyzed using SAS® software version 9.4 (SAS Institute, Inc., Cary, NC, USA). We 
removed participants who self-reported use of hypertension medications (N=3) or, use of vitamins 
and/or folic acid (N=22), or anti-inflammatory medications (N=11) as these medications may 
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decrease levels of inflammation in the body and may interfere with inflammatory marker 
measurements (Zhou et al. 2010; Reifen 2002; Carroll and Schade 2003; Solini, Santini, and 
Ferrannini 2006).  
We conducted descriptive statistics for the entire population and by stove type used and 
also calculated Spearman correlation coefficients for the 7 inflammatory markers. We did not 
explore the association of household air pollution and IL-6 as an inflammatory marker as 
approximately 89% of samples were below the LOD. We evaluated the association between PM2.5 
and black carbon with each of the inflammatory markers. We performed multiple linear regression 
analyses with one biomarker as the dependent variable and one exposure concentration as the 
independent variable. We natural logarithmically transformed both exposure concentrations as 
well as all inflammatory markers to meet the assumptions of linear regression. Potential 
confounding variables were chosen a priori based on previous literature. We evaluated options 
for a marker of socio-economic status, including dietary diversity score, number of assets, 
electricity, beds per person, and education level, for predictive ability in crude models with each 
biomarker. In our final models, we controlled for age, body-mass index, categorical assets (< 2 
assets or ≥2 assets), electricity (yes/no) and years of school (< 6 or ≥6 years).  
We assessed effect modification of the association between household air pollution and 
markers of inflammation due to potential risk factors associated with air pollution exposure and 
cardiovascular disease. We explored effect modification by age (<40 or ≥40), BMI (< 25.1 or ≥ 25.1 
units), diabetes status (normal vs. pre-diabetic/diabetic), and hypertension (normal vs. pre-
hypertensive/hypertensive) by adding an interaction term in the models.  
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Results 
We enrolled 150 women in our cross-sectional study; 146 women provided blood samples 
for inflammation analysis. Two participants declined to provide blood samples, and two women 
had samples that were not valid. Baseline population characteristics are presented in Table 1. The 
average age of women in the study was 37.3 years (SD: 8.9), average BMI was 25.9 kg/m2 (SD: 4.1), 
and about half the population (n=67) had less than 6 years of education. Most variables were 
similar between the two stove type groups, except for education status where 51.4% of traditional 
stove users had less than 6 years of education compared to 41.7% Justa of stove users.  
After removing erroneous samples, the final sample sizes for the pollutant measurements 
was 105 for personal PM2.5, 106 for personal black carbon and kitchen PM2.5, and 107 for kitchen 
black carbon. The four 24-hour averages of the continuous pollutant measures were strongly 
correlated (Table 2). Within pollutants, there was a positive correlation between kitchen 
concentrations and personal concentrations to PM2.5 (rho=0.80) and kitchen and personal black 
carbon (rho=0.77). PM2.5 and black carbon exposures were correlated among kitchen 
measurements (rho=0.89) and personal measurements (rho=0.78). Twenty-four hour minimum, 
maximum, median, 25th and 75th percentile concentrations of each pollutant are shown in Table 
3. As expected, kitchen PM2.5 was higher than personal PM2.5 with median concentration of 132 
µg/m3 (25th and 75th percentile: 62 µg/m3, 374 µg/m3) compared to 80 µg/m3 (25th and 75th 
percentile: 51 µg/m3, 137 µg/m3). The same pattern holds for kitchen and personal black carbon. 
In addition, women who owned traditional stoves were exposed to higher concentrations of each 
of the two pollutants than women who owned Justa stoves (Table 3).  
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Overall summary statistics for the seven inflammatory markers measured in DBS are 
presented in Table 4. ICAM-1 and VCAM-1 had the highest Spearman correlation coefficient (rho 
=0.71). Other inflammatory markers were moderately correlated: CRP and SAA (0.49), ICAM-1 and 
TNF-α (0.48), VCAM-1 and TNF-α (0.42), and CRP and ICAM-1 (0.39). All other markers exhibited 
low or no correlation (Figure 3).   
We observed inconsistent associations between PM2.5 and black carbon and levels of 
inflammatory markers in DBS (Table 5). The strongest associations were observed between higher 
levels of household air pollution and higher levels of CRP and SAA. For example, a 25% increase in 
personal PM2.5 concentrations resulted in a 10.5% (95% CI: 1.2 – 20.6) increase in CRP 
concentrations after controlling for potential confounders.  Similar significant results were 
observed between higher kitchen concentrations of black carbon and higher CRP concentrations, 
while there was a suggestive positive association between kitchen PM2.5 and personal black 
carbon. We also observed associations between all four continuous pollutants and SAA (Table 4). 
A 25% increase in personal PM2.5 exposure was associated with an 8.3% increase in SAA 
concentrations (95% CI: 2.3, 14.7). For both CRP and SAA, the largest increase in DBS 
concentrations was observed with higher personal concentrations of PM2.5 (Table 4). Additionally, 
a 25% higher kitchen black carbon concentrations was associated with 1.9 % higher IL-8 
concentrations (95% CI: 0.4-3.5). We did not observe any associations between household air 
pollution concentrations and IL-1β, ICAM-1, VCAM-1, and TNF-α.  
In general, women who owned traditional cookstoves had higher levels of inflammatory 
markers in DBS, although ICAM and IL-8 were associated with higher, nonsignificant, levels among 
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Justa stove users. We observed that women who owned traditional stoves had a 59.8 percent 
higher SAA concentration compared to women who used a Justa cookstove (95% CI: 10.2 – 131.8). 
Effect Modification 
For effect modification analyses, 18 of 110 women reported no high-risk factors. Of those 
who reported only one risk factor, 13 reported only age ≥40 as a risk factor, 15 had only high BMI 
(≥25.1), five women had only high blood pressure, and 11 were classified as only high HbA1c 
(Figure 4).  We observed evidence of effect modification between several cardiovascular risk 
factors and the effect of increased levels of household air pollution on inflammatory markers. For 
example, the effect of personal PM2.5 concentrations and IL-1β was modified by the age of the 
participants. A 25% higher personal PM2.5 concentration was associated with a 0.9% (95% CI: -4.6, 
2.9) change in lower IL-1β concentration among women less than 40 years old, but associated with 
a 5.4% (95% CI: -1.1, 12.4) higher IL-1 β concentrations among women 40 years old or older (p-
interaction = 0.1) (Figure 5). The effect of BMI on the association of kitchen PM2.5 and IL-8 
concentrations was observed only among women with BMI <25.1 (Estimate: 6.3, 95% CI: 2.8, 9.9) 
(Figure 6).  
We observed several instances of effect modification by diabetes status (Figure 7).  The 
positive association observed between higher concentrations of household air pollution and 
higher levels of CRP was only observed among women who were classified as “normal”   compared 
to the null association in the prediabetic and diabetic group. A 25% higher kitchen PM2.5 was 
associated with a 8.6% (95% CIL 2.6,15.0) higher CRP concentration, while a 25% higher personal  
PM2.5 concentration was associated with a 20.7% higher CRP among non-diabetic women (95% CI: 
10.0, 32.4); (p-interaction; kitchen PM2.5 = 0.01, personal PM2.5 = 0.01) (Figure 8). On the contrary, 
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higher concentrations of kitchen PM2.5, personal PM2.5, and kitchen black carbon were associated 
with higher IL-8 concentrations among women who were pre-diabetic or diabetic compared to 
those who were not (p-interaction; kitchen PM2.5 = <0.01, personal PM2.5 = 0.04, kitchen BC =0.0; 
(kitchen PM2.5: 8.2%, 95% CI: 4.4, 12.2; personal PM2.5: 8.3%, 95% CI: 0.0, 17.0; kitchen black 
carbon: 5.6%,  95% CI: 2.9,8.4). 
Finally, among those who were classified as having high blood pressure,  a 25% higher 
kitchen PM2.5 was associated with a 13.1% higher SAA concentration (95% CI: 2.1-25.2) compared 
to a 2.8% higher SAA among those without pre-hypertension or hypertension (95% CI: -1.1-6.8) 
(p-interaction = 0.08) (Figure 8). Among women who owned a traditional stove, those with BMI 
≥25.1 had 9.2 % higher IL-8 concentration (95% CI: -15.9 – 41.6) compared to Justa stove owners, 
while those with BMI < 25.1 had a 24.6 % lower in log IL-8 concentrations compared to Justa stove 
owners (95% CI: -43.1 – 0.2) p-interaction = 0.06).  
Discussion 
Our cross-sectional analysis points to possible associations between household air 
pollution, PM2.5 and black carbon and increasing levels of systemic inflammatory markers among 
female primary cooks. These results suggest that inhalation of smoke from cooking with biomass 
may result in oxidative stress and systemic inflammation and have potential implications for future 
cardiovascular disease risk. We found that the associations were strongest between household air 
pollution and the acute phase proteins, CRP and SAA. More specifically, the strongest associations 
for CRP and SAA were among personal PM2.5 concentrations as compared to the kitchen 
concentrations.  
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Our results are largely consistent with literature showing associations between air 
pollution, especially particulate matter, and markers of systemic inflammation. For example, the 
association between increasing air pollution exposure and markers of systemic inflammation has 
been observed in the ambient air pollution literature (Delfino et al. 2009; Dubowsky et al. 2006). 
Although we did not observe associations with TNF-α, ICAM-1 and VCAM-1, several studies have 
demonstrated these associations with increasing levels of ambient air pollution (Alexeeff et al. 
2011; Madrigano et al. 2010; Vossoughi et al. 2014). Additional evidence demonstrates that 
exposure to wood-smoke has been associated with increased levels of SAA as observed in a 
controlled exposure study by Barregard et al. (Barregard et al., 2006).  
The use of biomarkers of systemic inflammation in household air pollution research is more 
limited, and the results demonstrate inconsistent associations between various measurements of 
exposure and inflammatory markers. For example, positive associations have been observed 
between biomass use and markers of systemic inflammation in India where Dutta et al. observed 
higher levels of serum CRP, IL-8 and TNF-α among biomass users compared to LPG users (Dutta, 
Ray, and Banerjee 2012). Another study by Dutta et al. in India evaluated sputum cytology for 
markers of airway inflammation associated with cookstove exposure and PM10. Women who 
cooked with biomass fuels had 6.9 times increased levels of TNF-α in the sputum samples 
compared to women cooking with LPG (86.9 ± 28.1 vs. 12.6 ± 6.2 pg/ml, p <0.001). Similar results 
were observed for sputum concentrations of IL-8 (26.7 ± 7.4 for biomass users vs. 10.1 ± 3.3 pg/ml 
for LPG users, p <0.001) (Dutta et al. 2013).  
 A study in Nigeria evaluated markers of systemic inflammation among pregnant women 
who were randomized to cook with either ethanol or continue cooking with firewood (Olopade et 
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al. 2017). After an average of 145 days from baseline to post-randomization, measured levels of 
serum TNF-α decreased by an average of 6.20 pg/ml (SE: 5.24) among pregnant women switching 
from firewood to ethanol and increased by 14.03 pg/ml (SE: 5.89) among women continuing to 
cook with firewood. Women randomized to continue cooking with firewood (control) had 68% 
higher levels of post-randomized TNF-α compared to women randomized to cook with ethanol. 
Statistically significant increases in IL-8 and TNF-α were also observed in associations with 
measured concentrations of PM2.5 (both log-transformed); IL-8: 0.24 (95% CI: 0.02, 0.44); TNF-α: 
0.18 (95% CI: 0.03, 0.34)  (Olopade et al. 2017).  
Caravedo et al. compared serum concentrations of SAA, CRP, ICAM-1 and VCAM-1 among 
228 biomass-exposed and 228 non-exposed men and women in Peru. Adjusted analyses 
demonstrated that chronic exposure to biomass fuels was positively associated with increased 
levels of ICAM-1 and VCAM-1, but was unexpectedly negatively associated with CRP and no 
association was observed with SAA (Caravedo et al. 2016). In another study using stove type as 
the exposure variable, Misra et al. explored the association of biomass wood fuel use (vs. 
electricity) and markers of systemic inflammation (CRP, SAA, IL-8, IL-1β, TNF-α, ICAM-1 and VCAM-
1) among 415 women in Southern Africa (Misra et al. 2018). After adjusting for confounders, age, 
gravidity, caffeine consumption, passive smoking and water source, the authors found only an 
association among women who used wood mostly indoors and SAA compared to electricity users 
(estimate: -0.38, 95% CI: -0.68,-0.08). In all other analyses the authors found no associations with 
levels of inflammatory markers comparing biomass users vs. non-biomass users (Misra et al. 2018). 
A previous study by our group in Honduras (Clark et al. 2009) did not observe associations between 
8-hour average kitchen or personal PM2.5 concentrations and CRP.  
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Although inconsistent, our findings suggest that the observed association between 
household air pollution and systemic inflammation may be modified by several risk factors thought 
to increase susceptibility for air pollution-related cardiovascular events (Brook et al., 2010; 
Dubowsky et al., 2006). There is extensive scientific and mechanistic evidence that obesity, 
diabetes, age, and hypertension are associated with cardiovascular disease (R. H. Eckel 1997; 
Ortega, Lavie, and Blair 2016; Leon 2015; Sanidas et al. 2017).  
Epidemiologic evidence for effect modification of obesity and diabetes between 
particulate matter and markers of systemic inflammation, such as CRP, are mixed (Y. Li et al. 2012). 
Dubowsky et al. observed that associations between PM2.5 and CRP were stronger among people 
classified as diabetic, obese, and hypertensive as compared to those without these conditions. For 
example, a 6.1 µg/m3 increase in 5-day mean PM2.5 was associated with a 48% increase in CRP for 
people with obesity and a 74% increase in people with diabetes, compared to 12% increase among 
people without the conditions (Dubowsky et al. 2006).  Hoffman et al. also observed stronger 
associations between PM2.5 and markers of systemic inflammation among those who were 
diabetic (Hoffmann et al. 2009). Two household air pollution studies have also examined effect 
modification by cardiovascular disease risk factors. Carvedo et al. explored effect modification by 
age categories (35-44 years, 45-54, 55-64, and 65 and over) and sex, but did not observe 
interaction between stove type and ICAM-1 or VCAM-1 (Caravedo et al. 2016). Additionally, Dutta 
et al. also evaluated the association of cookstove exposure (biomass vs. LPG) and inflammatory 
markers, modified by hypertension. After controlling for confounders, CRP concentrations among 
women with hypertension (systolic blood pressure: > 140 mmHg and diastolic blood pressure ≥  
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90 mm Hg) were significantly elevated compared to those without hypertensions (OR = 1.14, 95% 
CI: 1.04-2.29) (Dutta, Ray, and Banerjee 2012). 
Our results for effect modification by diabetes status were inconsistent. We observed that 
women who were not pre-diabetic or diabetic had a stronger effect between higher levels of CRP 
and increasing concentrations of household air pollution, while pre-diabetic or diabetic women 
had higher levels of IL-8 with increasing exposure concentrations. Similar to our effect modification 
results for obesity and the impact of air pollution on IL-8 concentrations, Hoffman et al. observed 
that the association between particulate matter and inflammation was stronger among women 
who were not obese (Hoffmann et al. 2009). Our results indicating that higher kitchen PM2.5 
concentrations are associated with higher SAA concentrations among those with high blood 
pressure may be influenced by a small sample size. 
Strengths and Limitations 
Our study demonstrates the ability to collect DBS in the field setting and may provide an 
alternative to assessing inflammatory markers in serum. Several validation studies have shown 
high correlations between serum and DBS samples (Skogstrand et al. 2008; Qian 2015; E. M. Miller 
and McDade 2012; Schmid et al. 2004). Our study utilized measured concentrations of 24-hour 
average PM2.5 and black carbon and provides a more robust quantitative evaluation of exposure 
without relying on “proxies” of exposure such as stove type.  
Our study is limited by the cross-sectional nature of the design; and we cannot determine 
that exposure preceded systemic inflammation, however women who owned a Justa cookstove 
must have owned the stove for at least 4 months (average 24 months). Selection bias could have 
occurred due to the recruitment of a convenience sample, however we believe it is unlikely that 
107 
selection into the study would be associated with both the exposure and disease. Additionally, our 
one-time measurement of household air pollution and finger-prick blood spot may not be 
representative of long-term exposures or chronic systemic inflammation. Although our results 
indicate that women with cardiovascular risk factors may be more susceptible to the effects of 
household air pollution, other related factors may play a role in the association. Our results 
indicate differential impacts of diabetes status with different inflammatory markers (CRP vs. IL8) 
and additional information regarding potential mechanistic pathways may help elucidate these 
findings. Finally, generalizability of our stove type results (traditional vs. cleaner-burning Justa) 
may not be generalizable to other populations or stove and fuel types.  
Conclusions 
There is a growing burden of cardiovascular disease morbidity and mortality in low-and 
middle-income countries where approximately 80% of the cardiovascular deaths already occur 
(Bowry et al. 2015). Risk factors for cardiovascular disease include hypertension, tobacco use, 
dietary factors, obesity and physical inactivity (Lim SS, Vos T, Flaxman AD 2012).  In addition, 
several million people are chronically exposed to high levels of household air pollution. Although 
air pollution is associated with cardiovascular disease, there is limited understanding of the 
mechanism pathway to disease. Our results indicate that exposure to household air pollution is 
associated with several markers of systemic inflammation among women in rural Honduras. These 
findings support the hypothesis of a pathway from inhaled particles to systemic inflammation. 
Given the potentially large contribution of household air pollution to cardiovascular disease risk, 
it is vital that additional research continues to evaluate personal exposure to household air 
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pollution and markers of systemic inflammation and the potential for cleaner-burning cookstoves 































Table 6.1: Population characteristics among non-smoking primary female cooks using traditional 
or cleaner-burning Justa stoves, rural Honduras (N=146)  
Total (N=146) Traditional (N=73)  Justa (N=73) 
  N (%) or Mean (SD) ; 
range  
N (%) or Mean (SD) ; 
range  
N (%) or Mean 
(SD) ; range  
Age (years) 37.3 (8.9); 25-56 38.4 (9.4); 25-56 36.1 (7.9); 25-56 
Body mass index (kg/m2) 25.9 (4.1); 17.1-37.5 25.8 (4.5); 17.1-37.5 26.0 (3.8); 18.2-
33.6 
Categorized BMI    
<25.1 67 (46%) 36 (49.3%) 31 (42%) 
≥ 25.1 79 (54%) 37 (50.7%) 42 (58%) 






Years of education**  
 
    
     Less than six years 67 (46.5%) 37 (51.4%) 30 (41.7%) 
     Six or more years 77 (53.5%) 35 (48.6%) 42 (58.3%) 
Electricity*  
 
    
No 119 (82.1% 61 (83.6%) 58 (80.6%) 
Yes 26 (17.9%) 12 (16.4%) 14 (19.4%) 
Number of assets 
 
    
Less than 2 69 (47.3%) 33 (45.2%) 36 (49.3%) 
Two or more 77 (52.7%) 40 (54.8%) 37 (50.7%) 
Years spent cooking with 
biomass 
25.8 (9.7); 9-50 26.8 (10.5); 9-49 24.8 (8.8); 9-50 
Self-reported exposure to 
secondhand smoke  
5 (3.4%) 5 (3.6%) 0 (0%) 
Systolic blood pressure 118.6 (12.7); 91-160 120.4 (12.2); 97-158 116.8 (13.1); 91-
160 
Diastolic blood pressure 73.1 (8.6); 55-105 73.8 (9.4); 58-96 72.4 (8.9); 55-105 
Pre-hypertension/ 
hypertension 
   
No 118 (80.8%) 54 (74%) 64 (88)% 
Yes 28 (19%) 19 (26%) 9 (12%) 
HbA1c^  5.5 (0.75); 4.1-13.0 5.5 (0.4); 4.7-6.5 5.6 (1.0); 4.1-13.0 
Pre-Diabetic or diabetic    
No 104 (74%) 54 (76%) 50 (73%) 
Yes 36 (25%) 17 (24%) 19 (27%) 
*N=145; Traditional=73, Justa=73 
**N=144; Traditional=73, Justa=72 














Table 6.2: Spearman rho correlation matrix of kitchen and personal air pollution measurements 
(N=102) 




Kitchen PM2.5 1 0.80 0.89 0.68 
Personal PM2.5  1 0.76 0.78 
Kitchen Black 
Carbon 
  1 0.77 
Personal Black 
Carbon 
   1 
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Table 6.3: 24-hour average kitchen and personal fine particulate matter and black carbon concentrations, traditional and Justa stove users, rural Honduras  
   
All Participants 
   
Traditional Stove Users 
   
Justa Stove Users   
  N Min 25
th  Median 75th Max   N Min 25th  Median 75th Max   N Min 25th  Median 75th Max 
24–hour average kitchen PM2.5  
(µg/m3) 
106 18 62 132 374 1654 
 
62 18 91 181 511 1654 
 
44 18 38 71 159 1134 
24–hour average personal PM2.5  
(µg/m3) 
105 18 51 80 137 346 
 
62 18 65 115 154 346 
 
43 18 39 52 81 174 
24–hour average kitchen Black 
Carbon  (µg/m3) 
107 1 9 21 82 1172 
 
63 1 15 44 114 1172 
 
44 1 4 11 19 469 
24–hour average personal Black 
Carbon  (µg/m3) 
106 1 4 7 18 123   62 1 7 14 32 123   44 1 1 4 9 47 












Table 6.4: Levels of inflammatory markers by participant characteristics and potential risk factors for cardiovascular disease among rural Honduran 
female participants   
Median (25th, 75th percentiles) 
 
N (%) CRP SAA IL-8 IL-1β TNF-a ICAM-1 VCAM-1 








11.2 (9.8, 13.3) 
Age (years) 
 
     
  










11.0 (9.9, 12.7) 










12.2 (9.1, 15.4) 
BMI 
 
     
  
< 25.1  51 (46%) 8.5 (3.6, 21.4) 27.9 (17.8, 
46.5) 






11.7 (9.8, 14.0) 














     
  






















10.6 (8.6, 13.7) 
Hypertension 
 
     
  










10.9 (9.5, 13.0) 












*Concentrations presented per 1000 pg/ml 

























Table 6.5: Estimated adjusted1 percentage difference in inflammatory marker per 25% increase in 














73 10.5 1.2, 20.6 
Kitchen BC (μg/m3) 
  
75 3.9 0.1, 7.8 
Personal BC (μg/m3) 
  
73 4.2 -0.5, 9.1 
Stove type† 




54 24.6 -33.4, 133.1  
Justa  ref 56 













73 8.3 2.3, 14.7 
Kitchen BC (μg/m3) 
  
75 3.6 1.1, 6.1 
Personal BC (μg/m3) 
  
73 4.1 1.1, 7.2 
Stove type† 




54 59.8 10.2, 131.8  
Justa  ref 56 













73 0.6 -3.1, 4.4 
Kitchen BC (μg/m3) 
  
75 1.9 0.4, 3.5 
Personal BC (μg/m3) 
  
73 0.5 -1.3, 2.5 
Stove type† 




54 -5.89 -26.2,  19.9  
Justa  ref 56 













73 0.8 -2.5, 4.2 
Kitchen BC (μg/m3)  
  
75 1.1 -0.3, 2.5 
116 
Personal BC (μg/m3) 
  
73 0.5 -1.2, 2.2 
Stove type† 




54 3.99 -17.55, 
31.14  
Justa  ref 56 




N Percentage Difference 95% CI 
Kitchen PM2.5 (μg/m3) 
  
74 -0.16 -2.51, 2.24 
Personal PM2.5 (μg/m3) 
  
73 1.11 -2.92, 5.31 
Kitchen BC (μg/m3) 
  
75 0.27 -1.44, 2.02 
Personal BC (μg/m3) 
  
73 -0.36 -2.44, 1.76 
Stove type† 




54 4.50 -21.34, 38.84  
Justa  ref 56 
   
ICAM-1 
  
N Percentage Difference 95% CI 
Kitchen PM2.5 (μg/m3) 
  
74 -0.48 -1.68, 0.75 
Personal PM2.5 (μg/m3) 
  
73 0.54 -1.54, 2.66 
Kitchen BC  (μg/m3) 
  
75 -0.29 -1.17, 0.59 
Personal BC (μg/m3) 
  
73 -0.25 -1.32, 0.83 
Stove type† 




54 -6.79 -19.08, 7.36  
Justa  ref 56 
   
VCAM -1 
  
N Percentage Difference 95% CI 
Kitchen PM2.5 (μg/m3) 
  
74 -0.13 -1.16, 0.91 
Personal PM2.5 (μg/m3) 
  
73 0.28 -1.48, 2.07 
Kitchen BC (μg/m3) 
  
75 -0.14 -0.90, 0.62 
Personal BC (μg/m3) 
  
73 -0.02 -0.93, 0.90 
Stove type† 




54 6.02 -6.01, 19.59  
Justa  ref 56 
   
Cl: Confidence interval; PM2.5: fine particulate matter; CRP (C-reactive protein); SAA (serum amyloid-a); IL-8 
(interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-1 (intercellular adhesion molecule 1); 
VCAM-1 (intercellular molecule 1). 
1: Models were adjusted for age, body mass index (BMI), number of assets (<2 or ≥2), electricity (yes/no), years of 
education (<6 or ≥6) 
2: In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. 
Beta coefficients were entered into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of 
the continuous pollution exposures as a percent increase in inflammatory marker for each 25% increase in exposure. 
Example: There is a 10.49% higher CRP level with a 25% higher personal PM2.5 concentration. 
†Inflammatory markers were log-transformed. Categorical variable beta coefficients were entered into the formula 
(e^β-1)*100). The estimates for the categorical measures of exposure can be interpreted as the percent difference in 




Figure 6.3: Venn diagram of risk factors for cardiovascular disease among women using traditional 
and Justa cookstoves (N = 110) 
*18 participants did not have any risk factor
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Figure 6.4: Associations between 24-hour average pollution concentrations and levels of inflammatory markers stratified by age <40 or ≥40  
Low age = <40 years old (N =47 kitchen PM, N= 48 for personal PM, kitchen BC and personal BC); high age = ≥40 years old (N = 27 for kitchen PM and 
kitchen BC, N=25 for personal PM and personal BC) 
PM= particulate matter; BC=black carbon; SAA (serum amyloid-a); IL-8 (interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-
1 (intercellular adhesion molecule 1); VCAM-1 (intercellular molecule 1). 
 
In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. Beta coefficients were entered 
into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution exposures as a percent increase in 
inflammatory marker for each 25% increase in exposure.  
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Figure 6.5: Associations between 24-hour average pollution concentrations and levels of inflammatory markers stratified by BMI (<25.1 or ≥ 25.1) 
Low BMI = BMI <25.1 kg/m3 (N = 31 for kitchen PM and kitchen BC, N=30 for personal PM and personal BC); high BMI = ≥ 25.1 kg/m ( N =44 kitchen 
BC, N= 43 for personal PM, kitchen BC and personal BC) 
PM= particulate matter; BC=black carbon; SAA (serum amyloid-a); IL-8 (interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-
1 (intercellular adhesion molecule 1); VCAM-1 (intercellular molecule 1). 
 
In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. Beta coefficients were entered 
into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution exposures as a percent increase in 
inflammatory marker for each 25% increase in exposure.  
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Figure 6.6: Associations between 24-hour average pollution concentrations and levels of inflammatory markers stratified by diabetes status 
*Normal = <6.4% (N = 61 for kitchen PM and kitchen BC, N=60 for personal PM and personal BC); Pre DM/DM = prediabetes or diabetes status, 
HbA1c ≥6.4% (N =14 kitchen BC, N= 13 for kitchen PM, personal PM, and kitchen BC)  
PM= particulate matter; BC=black carbon; SAA (serum amyloid-a); IL-8 (interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-
1 (intercellular adhesion molecule 1); VCAM-1 (intercellular molecule 1).  
 
In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. Beta coefficients were entered 
into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution exposures as a percent increase in 
inflammatory marker for each 25% increase in exposure.  
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Figure 6.7: Associations between 24-hour average pollution concentrations and levels of inflammatory markers stratified by high blood pressure 
Normal = normal blood pressure (systolic <120 mmHg and diastolic <80 mmHg) (N = 53 for kitchen PM, personal PM, and personal BC, N= 54 for 
kitchen BC); Pre H/H = borderline high or high blood pressure (systolic ≥120 mmHg and/or diastolic ≥80 mmHg) (N=19 for kitchen PM and kitchen BC, 
N=18 for personal PM and personal BC) 
PM= particulate matter; BC=black carbon; SAA (serum amyloid-a); IL-8 (interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-
1 (intercellular adhesion molecule 1); VCAM-1 (intercellular molecule 1). 
 
In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. Beta coefficients were entered 
into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of the continuous pollution exposures as a percent increase in 
inflammatory marker for each 25% increase in exposure  
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Chapter 7: Conclusions 
Approximately 41% of the world’s population, nearly 3 billion people, relies on solid 
biomass fuels for cooking (Bonjour et al. 2013)  and household air pollution is the 10th leading 
factor for morbidity and mortality worldwide (Gakidou et al. 2017). Cleaner-burning cookstoves 
aim to decrease harmful emissions in order to reduce the burden of disease from household air 
pollution. The degree to which cleaner-burning stoves can reduce the burden of disease however, 
especially long-term chronic disease such as cardiovascular disease, is not well understood. The 
goal of this dissertation was to improve scientific knowledge of the exposure-response relationship 
of household air pollution and disease by addressing the following gaps identified in the literature. 
(i) a need to characterize the size distribution and sub-daily temporal variability of household air 
pollution; most studies calculate a 24 or 48 hour average exposure (Northcross et al. 2015), (ii) a 
lack of direct exposure assessment in epidemiological household air pollution studies; the majority 
of studies utilize a binary proxy for exposure such as fuel type (Thomas et al. 2015; Bruce et al. 
2015)  (iii) an absence of direct measurements of personal exposure for epidemiological models; 
personal exposure is often lower than kitchen exposure as women do not spend 100% of their 
time indoors, and (iv) a need to identify and utilize biomarkers of health indicative of chronic 
disease risk.  
 In this study, we evaluated real-time concentrations of PM2.5 and ultrafine particles among 
a sample of households using traditional biomass and cleaner-burning Justa stoves in rural 
Honduras. We also evaluated PM2.5 mass and black carbon and the cross-sectional association with 
biomarkers of airway and systemic inflammation. Results from our study provide fundamental new 
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knowledge regarding levels of household air pollution exposure from traditional and cleaner-
burning biomass cookstoves and the association with markers of inflammation. 
Exposure 
Overall, we observed lower 24-hour average PM2.5, black carbon, and ultrafine particle 
number concentrations in the kitchens of cleaner-burning Justa stoves compared to traditional 
stoves. Additionally, personal concentrations of PM2.5 and black carbon were lower among those 
who cooked with Justa stoves compared to those who cooked with traditional stoves. For example, 
the median 24-hour average kitchen PM2.5 concentration was 40% lower among households with  
Justa stoves compared to traditional cookstoves. In addition, twenty-four hour average kitchen 
PM2.5 and black carbon concentrations were highly correlated.  
The use of real-time monitors demonstrated that the 24-hour average concentrations of 
PM2.5 and PNC were highly variable over the course of the monitoring period. The maximum values 
of various averaging windows (1-minute, 5-minute, 15-minute, and 60-minute) were highly 
correlated with the 24-hour averages for both PM2.5 and PNC. On average, PM2.5 concentrations 
were over 100 µg/m3 for several hours for both traditional and cleaner-burning biomass 
cookstoves. Furthermore, the top 5% of PM2.5 kitchen concentrations contributed 75% of the 24-
hour mean value.  
Our use of real-time data to evaluate kitchen PM2.5 concentrations has several implications 
for future evaluations of household air pollution. First, the high correlation between PM2.5 shorter-
term averaging windows and 24-hour average indicates that the 24-hour average may be a 
sufficient and cost-effective, quantification of exposure, especially when evaluating chronic-
disease outcomes. Real-time data however, may reveal stove use patterns and adoption behaviors 
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useful in evaluating cookstove interventions. The overall highest 5% of PM2.5 concentrations 
contributed substantially to the overall 24-hour average, and may indicate that improving 
combustion or changing cooking habits in order to reduce the highest concentrations will decrease 
overall average concentrations.  
Our study with the DiSCMini ultrafine particle monitor is only the second to quantify 
ultrafine particle number concentrations in kitchens from biomass cookstoves. It is the first study 
to characterize 24-hour concentrations of real-time PM2.5 and ultrafine PNC from traditional and 
cleaner burning biomass cookstoves and offers several interesting findings. The median of the 24-
hour average PNC in kitchens with Justa stoves was 70% lower than the median of the 24-hour 
average PNC kitchen concentration in kitchens with traditional stoves. Our study is limited by a 
relatively small sample size and further research is needed to determine if cleaner-burning 
biomass cookstoves truly emit lower PNC in a field setting. The 24-hour average PM2.5 and ultrafine 
PNC concentrations among all stoves were highly correlated, however when stratifying the 
analysis by stove type, the correlation was lower among Justa stove households. Additional 
research with a larger sample size of traditional and cleaner-burning stoves is needed before we 
can determine if monitoring ultrafine PNC will add useful information in models of exposure and 
health outcomes for various stove types.  
The exposure portion of the study has several limitations. First, measuring ultrafine PNC 
was limited by several technical issues of the DiSCMini instrument. Primarily, the DiSCMini is not 
built to monitor the very high concentrations of particles observed in the homes, which resulted 
in instrument clogging and reduced air flow. At this time, we are unable to quantify these impacts 
on the data. Future lab testing should be conducted in order to quantify the impact of the clogged 
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inlet and low flow on PNC measurements. Additional guidelines and study protocols would also be 
useful to standardize future data collection. Finally, all kitchen and personal concentrations were 
measured for only one 24-hour period and we cannot be certain we captured a “typical” 
concentration for the kitchens or personal measurements. Repeated measurements of these 
concentrations may elucidate how variable kitchen and personal concentrations are over time.  
Biomarkers and Chronic Disease 
Aims 2 and 3 add to the body of literature evaluating the health impacts of household air 
pollution. Among adults, there is evidence that exposure to household air pollution is associated 
with chronic obstructive pulmonary disease (COPD), lung cancer, cataracts, tuberculosis, adult 
lower respiratory infections, and adverse pregnancy outcomes (Smith et al. 2014b). The underlying 
mechanisms of pulmonary diseases associated with air pollution are not well understood; 
however, evidence suggests that exposure may result in increased reactive oxygen species and 
production of proinflammatory cytokines, leading to airway inflammation (Bernstein et al. 2004; 
Holgate et al. 2003; van Eeden et al. 2001). Previous household air pollution studies have focused 
on COPD, acute lower respiratory diseases, and forced expiratory volume; however, other 
pulmonary impacts, such as asthma and airway inflammation, have not been well studied. 
Although evidence is available for increased blood pressure and ischemic heart disease, the 
association between exposure to household air pollution and cardiovascular disease requires 
additional investigation to clarify the mechanisms of disease (R. D. Brook et al. 2010).  
In aim 2, we did not observe an association between kitchen or personal concentrations of 
PM2.5 or black carbon and a marker of airway inflammation, FeNO. Our study was limited to the 
use of a portable instrument that captured airway inflammation in the proximal airways. We were 
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unable to assess the association between household air pollution concentrations and distal airway 
inflammation. Future studies should consider the assessment of airway inflammation from 
household air pollution at both the proximal and distal airways.  
In aim 3, we observed inconsistent associations between levels of household air pollution 
and 7 markers of systemic inflammation. Results of the association of household air pollution on 
markers of systemic inflammation were largely inconsistent, however we observed associations 
between C - reactive protein (CRP) and serum amyloid-A (SAA). Several inflammatory markers, 
such as ICAM-1, VCAM-1, TNF-α were consistent with the null. The results of effect modification 
analyses by risk factors associated with cardiovascular disease risk were also inconsistent. Several 
associations did not support our original hypotheses that higher concentrations of household air 
pollution would result in stronger increases in markers of systemic inflammation among women 
who had cardiovascular disease risk factors. For example, risk factors such as older age (≥40 years) 
and high blood pressure in general had no impact on the association between household air 
pollution and markers of systemic inflammation. When stratifying by BMI, we observed that higher 
concentrations of household air pollution often resulted in lower concentrations of markers of 
systemic inflammation compared to women with high BMI (≥25.1). Additionally, when 
categorizing women into those with pre-diabetes or diabetes vs. normal, we also observed 
inconsistent associations; sometimes higher concentrations of household air pollution were 
associated with higher concentrations of inflammatory markers among women who were pre-
diabetic or diabetic (IL-8), while other times higher concentrations of household air pollution were 
associated with higher concentrations of systemic inflammation among women without pre-
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diabetes or diabetes (CRP, SAA, ICAM, VCAM). Several of these results for effect modification do 
not support our hypotheses, and make interpreting the overall results difficult.  
Our inconsistent results may be due to the complex mechanisms of air pollution on 
inflammation and cardiovascular disease. Additionally, each marker of systemic inflammation 
plays a slightly different role in the possible inflammation pathways. For example, cytokines (such 
as IL-8, IL-1β, and TNF-α) play a role in mediating acute inflammatory reactions and are involved 
in the activation of the other markers of inflammation we studied (CRP, SAA, ICAM-1 and VCAM-
1). CRP and SAA are synthesized in the liver in response to increases of cytokines and cellular 
adhesion molecules (ICAM-1 and VCAM-1) are also induced by cytokines at the endothelium. It is 
unclear how the cascade of inflammatory response may influence levels of the various markers. 
For example, higher household air pollution concentrations were generally associated with 
decreased ICAM-1 and VCAM-1, however the confidence intervals were wide and results were not 
significant. Our results demonstrating that higher concentrations of household air pollution are 
associated with higher acute phase proteins, CRP and SAA, supports previous epidemiological air 
pollution literature findings. The similar effect estimates of the two markers also supports 
evidence of the immune response function that the two proteins act in a similar way. In order to 
interpret our inconsistent results, additional exploration is needed to further reveal the 
mechanistic pathways of inflammation and biomarkers indicative of various stages of 
cardiovascular disease risk. Similar investigation is needed into the role of other risk factors for 
cardiovascular disease risk, such as obesity and diabetes status. 
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Study Limitations 
Our epidemiological study of household air pollution and measurements of inflammation 
is limited by the cross-sectional nature of the study design. We cannot establish whether exposure 
preceded disease. We attempted to address this potential limitation by including only women who 
had been using a cleaner-burning cookstove for more than four months (average length of Justa 
stove ownership was just under two years). Additionally, we only measured household air 
pollution concentrations and markers of inflammation from one point of time. We make the 
assumption that these measurements are representative of typical exposures and corresponding 
inflammation in order to represent long-term disease risk. Finally, the markers of systemic 
inflammation are non-specific markers of inflammation. Levels of inflammatory markers may be 
attributable to sources other than high concentrations of household air pollution. We controlled 
for possible confounding such as BMI, age, and socioeconomic factors associated with both 
household air pollution and increased inflammation. There may be residual confounding if we 
were unable to control for other confounders or improperly measured confounding variables with 
our questionnaire (such as SES) (Armstrong 1998). Participants who self-reported medication use 
such as anti-inflammatory medications were removed from the analysis. If however, women in the 
analysis were taking medications and did not report it, and their health status was associated with 
stove use and household air pollution concentrations differently than healthy women, we may 
also have residual confounding.  
We utilized several techniques to reduce measurement error in the health outcomes. For 
example, the sample collection of FeNO and DBS was completed in the morning following the 24-
hour exposure period for all participants. Many cytokines exhibit a strong diurnal pattern that peak 
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in the early morning (Zhou et al. 2010). Additionally, all DBS samples were frozen to minimize the 
degradation of the samples (most cytokines are stable at -80 degrees Celsius for up to 2 years). 
We believe any error would be non-differential error with respect to the biomarkers of 
inflammation. 
It is possible that the study could have been subject to selection bias. Given that 
participants were recruited from a convenience sample of women at community meetings, if 
women who did not attend were older or sicker, we may not be able to generalize our results to 
the full community population. Results of this study may also not be generalizable to all 
populations or other cleaner-burning cookstove designs. 
Future Directions 
This dissertation adds to the limited evidence of household air pollution PM2.5, black 
carbon, and ultrafine particle concentrations from traditional and cleaner-burning biomass 
cookstoves. Additionally, we utilized novel markers to explore the association of household air 
pollution of both airway and systemic inflammation. Future studies would benefit from combining 
the approaches from the three aims of this dissertation. For example, future studies should 
consider larger samples sizes and repeated measurements within participants of both household 
air pollution and biomarkers. Studies should evaluate ultrafine particle concentrations from 
various stove and fuel combinations and consider the implications of cleaner-burning stoves on 
household air pollution.  If we find that ultrafine particles are different than PM2.5 concentrations 
between various stove types or under certain stove conditions, epidemiological studies should 
also consider adding ultrafine particle exposure measurements to health studies in order to 
explore the health impact. Given the global burden due to cardiovascular disease, future studies 
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should also continue to explore the association of household air pollution and cardiovascular 
disease risk. Using biomarkers of systemic inflammation may provide critical insight into future 




Adamkiewicz, G, S Ebelt, M Syring, J Slater, F E Speizer, J Schwartz, H Suh, and D R Gold. 2004. 
“Association between Air Pollution Exposure and Exhaled Nitric Oxide in an Elderly 
Population.” Thorax 59 (3): 204–9. doi:10.1136/thorax.2003.006445. 
Aerorine. 2014. “Niox Mino: User Manual.” 
Ainsworth, Barbara E., William L. Haskell, Stephen D. Herrmann, Nathanael Meckes, David R. 
Bassett, Catrine Tudor-Locke, Jennifer L. Greer, Jesse Vezina, Melicia C. Whitt-Glover, and 
Arthur S. Leon. 2011. “2011 Compendium of Physical Activities: A Second Update of Codes 
and MET Values.” Medicine and Science in Sports and Exercise 43 (8): 1575–81. 
doi:10.1249/MSS.0b013e31821ece12. 
Aktan, Fugen. 2004. “INOS-Mediated Nitric Oxide Production and Its Regulation.” Life Sciences 75 
(6): 639–53. doi:10.1016/j.lfs.2003.10.042. 
Alberti, KG, RH Eckel, SM Grundy, Paul Z. Zimmet, James I Cleeman, Karen A. Donato, Jean-Charles 
Fruchart, W. Phillip James, Catherine Loria, and Sidney C. Smith. 2009. “Harmonizing the 
Metabolic Syndrome: A Joint Interim Statement of the International Diabetes Federation Task 
Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American 
Heart Association; World Heart Federation; International.” Circulation 120: 1640–45. 
Alexeeff, Stacey E., Brent A. Coull, Alexandros Gryparis, Helen Suh, David Sparrow, Pantel S. 
Vokonas, and Joel Schwartz. 2011. “Medium-Term Exposure to Traffic-Related Air Pollution 
and Markers of  Inflammation and Endothelial Function.” Environmental Health Perspectives 
119 (4): 481–86. doi:10.1289/ehp.1002560. 
 
132 
Allen, Ryan W. 2009. “The Impact of Wood Stove Technology Upgrades on Indoor Residential Air 
Quality.” Atmospheric Environment 43 (37): 5908–5915. 
Allen, Ryan W, Chris Carlsten, Barbara Karlen, Sara Leckie, Stephan Van Eeden, Sverre Vedal, 
Imelda Wong, and Michael Brauer. 2011. “An Air Filter Intervention Study of Endothelial 
Function among Healthy Adults in a Woodsmoke-Impacted Community.” American Journal 
of Respiratory and Critical Care Medicine 183 (9): 1222–30. doi:10.1164/rccm.201010-
1572OC. 
Armendáriz-Arnez, Cynthia, Rufus D. Edwards, Michael Johnson, Irma A. Rosas, F. Espinosa, and 
Omar R. Masera. 2010. “Indoor Particle Size Distributions in Homes with Open Fires and 
Improved Patsari Cook Stoves.” Atmospheric Environment 44 (24). Elsevier Ltd: 2881–86. 
doi:10.1016/j.atmosenv.2010.04.049. 
Armstrong, B. G. 1998. “Effect of Measurement Error on Epidemiological Studies of Environmental 
and Occupational Exposures.” Occupational and Environmental Medicine 55: 651–56. 
doi:10.1136/oem.55.10.651. 
Arps, Shahna. 2011. “Socioeconomic Status and Body Size among Women in Honduran Miskito 
Communities.” Annals of Human Biology 38 (4): 508–19. 
doi:10.3109/03014460.2011.564206. 
Asbach, Christof, Carla Alexander, Simon Clavaguera, Dirk Dahmann, Hélène Dozol, Bertrand 
Faure, Martin Fierz, et al. 2017. “Review of Measurement Techniques and Methods for 
Assessing Personal Exposure to Airborne Nanomaterials in Workplaces.” Science of The Total 
Environment. Elsevier B.V. doi:10.1016/j.scitotenv.2017.03.049. 
 
133 
Asbach, Christof, Heinz Kaminski, Daniel Von Barany, Thomas A J Kuhlbusch, Christian Monz, Nico 
Dziurowitz, Johannes Pelzer, et al. 2012. “Comparability of Portable Nanoparticle Exposure 
Monitors.” Annals of Occupational Hygiene 56 (5): 606–21. doi:10.1093/anhyg/mes033. 
Atkinson, R. W., S. Kang, H. R. Anderson, I. C. Mills, and H. A. Walton. 2014. “Epidemiological Time 
Series Studies of PM2.5 and Daily Mortality and Hospital Admissions: A Systematic Review 
and Meta-Analysis.” Thorax 69 (7): 660–65. doi:10.1136/thoraxjnl-2013-204492. 
Balakrishnan, Kalpana, Sumi Mehta, Santu Ghosh, Michael Johnson, Michael Brauer, Jim Zhang, 
Luke Naeher, and Kirk R. Smith. 2014. “WHO Indoor Air Quality Guidelines: Household Fuel 
Combustion - Review 5: Population Levels of Household Air Pollution and Exposures.” 
Barraza-Villarreal, Albino, Jordi Sunyer, Leticia Hernandez-Cadena, Maria Consuelo Escamilla-
Nun??ez, Juan Jose Sienra-Monge, Matiana Ram??rez-Aguilar, Marlene Cortez-Lugo, et al. 
2008. “Air Pollution, Airway Inflammation, and Lung Function in a Cohort Study of Mexico 
City Schoolchildren.” Environmental Health Perspectives 116 (6): 832–38. 
doi:10.1289/ehp.10926. 
Barregard, L, G Sällsten, L Andersson, A-C Almstrand, P Gustafson, M Andersson, and A-C Olin. 
2008. “Experimental Exposure to Wood Smoke: Effects on Airway Inflammation and Oxidative 
Stress.” Occupational and Environmental Medicine 65 (May): 319–24. 
doi:10.1136/oem.2006.032458. 
Barregard, Lars, Gerd Sällsten, Pernilla Gustafson, Lena Andersson, Linda Johansson, Samar Basu, 
and Lennart Stigendal. 2006. “Experimental Exposure to Wood-Smoke Particles in Healthy 
Humans: Effects on Markers of Inflammation, Coagulation, and Lipid Peroxidation.” 
Inhalation Toxicology 18 (11): 845–53. doi:10.1080/08958370600685798. 
134 
Bartington, S. E., I. Bakolis, D. Devakumar, O. P. Kurmi, J. Gulliver, G. Chaube, D. S. Manandhar, et 
al. 2017. “Patterns of Domestic Exposure to Carbon Monoxide and Particulate Matter in 
Households Using Biomass Fuel in Janakpur, Nepal.” Environmental Pollution 220. Elsevier 
Ltd: 38–45. doi:10.1016/j.envpol.2016.08.074. 
Bau, S, R Payet, O Witschger, and E Jankowska. 2017. “Performance Study of Portable Devices for 
the Real- Time Measurement of Airborne Particle Number Concentration and Size ( 
Distribution ) Performance Study of Portable Devices for the Real-Time Measurement of 
Airborne Particle Number Concentration and Size.” J. Phys.: Conf. Ser 838. 
Benton-Vitz, Kaila, and John Volckens. 2008. “Evaluation of the PDR-1200 Real-Time Aerosol 
Monitor.” Journal of Occupational and Environmental Hygiene 5 (6): 353–59. 
doi:10.1080/15459620802009919. 
Berhane, Kiros, Yue Zhang, Muhammad T Salam, Sandrah P Eckel, William S Linn, Edward B 
Rappaport, Theresa M Bastain, Fred Lurmann, and Frank D Gilliland. 2014. “Longitudinal 
Effects of Air Pollution on Exhaled Nitric Oxide: The Children’s Health Study.” Occupational 
and Environmental Medicine 71 (7): 507–13. doi:10.1136/oemed-2013-101874. 
Bernstein, Jonathan A., Neil Alexis, Charles Barnes, I. Leonard Bernstein, Jonathan A. Bernstein, 
Andre Nel, David Peden, David Diaz-Sanchez, Susan M. Tarlo, and P. Brock Williams. 2004. 
“Health Effects of Air Pollution.” Journal of Allergy and Clinical Immunology 114 (5): 1116–23. 
doi:10.1016/j.jaci.2004.08.030. 
Blann, Andrew D., and Gregory Y. H. Lip. 2000. “Cell Adhesion Molecules in Cardiovascular Disease 
and Its Risk Factors—What Can Soluble Levels Tell Us?” The Journal of Clinical Endocrinology 
& Metabolism 85 (5): 1745–47. doi:10.1210/jcem.85.5.6594. 
135 
Bonjour, Sophie, Heather Adair-Rohani, Jennyfer Wolf, Nigel G. Bruce, Sumi Mehta, Annette Prüss-
Ustün, Maureen Lahiff, Eva A. Rehfuess, Vinod Mishra, and Kirk R. Smith. 2013. “Solid Fuel 
Use for Household Cooking: Country and Regional Estimates for 1980-2010.” Environmental 
Health Perspectives 121 (7): 784–90. doi:10.1289/ehp.1205987. 
Borish, Larry C., and John W. Steinke. 2003. “2. Cytokines and Chemokines.” Journal of Allergy and 
Clinical Immunology 111 (2): S460–75. doi:10.1067/mai.2003.108. 
Bowler, Russell P., and James D. Crapo. 2002. “Oxidative Stress in Airways.” American Journal of 
Respiratory and Critical Care Medicine 166 (supplement_1): S38–43. 
doi:10.1164/rccm.2206014. 
Bowry, Ashna D K, Jennifer Lewey, Sagar B. Dugani, and Niteesh K. Choudhry. 2015. “The Burden 
of Cardiovascular Disease in Low- and Middle-Income Countries: Epidemiology and 
Management.” Canadian Journal of Cardiology 31 (9). Canadian Cardiovascular Society: 
1151–59. doi:10.1016/j.cjca.2015.06.028. 
Brauer, Michael, Carmen Avila-Casado, Teresa I. Fortoul, Sverre Vedal, Bonnie Stevens, and 
Andrew Churg. 2001. “Air Pollution and Retained Particles in the Lung.” Environmental Health 
Perspectives 109 (10): 1039–43. doi:10.1289/ehp.011091039. 
Brook, R. D., S. Rajagopalan, C. A. Pope, J. R. Brook, A. Bhatnagar, A. V. Diez-Roux, F. Holguin, et al. 
2010. “Particulate Matter Air Pollution and Cardiovascular Disease: An Update to the 





Brook, Robert D, Sanjay Rajagopalan, C. Arden Pope, Jeffrey R. Brook, Aruni Bhatnagar, Ana V. 
Diez-Roux, Fernando Holguin, et al. 2010. “Particulate Matter Air Pollution and Cardiovascular 
Disease: An Update to the Scientific Statement from the American Heart Association.” 
Circulation 121 (21): 2331–78. doi:10.1161/CIR.0b013e3181dbece1. 
Bruce, Nigel, Dan Pope, Eva Rehfuess, Kalpana Balakrishnan, Heather Adair-Rohani, and Carlos 
Dora. 2015. “WHO Indoor Air Quality Guidelines on Household Fuel Combustion: Strategy 
Implications of New Evidence on Interventions and Exposure–risk Functions.” Atmospheric 
Environment 106. Elsevier Ltd: 451–57. doi:10.1016/j.atmosenv.2014.08.064. 
Brunette, Waylon, Mitchell Sundt, Nicola Dell, Rohit Chaudhri, Nathan Breit, and Gaetano 
Borriello. 2013. Open Data Kit 2.0: Expanding and Refining Information Services for 
Developing Regions, issued 2013. 
Bucca, Caterina, Alessandro Cicolin, Giuseppe Guida, Enrico Heffler, Luisa Brussino, and Giovanni 
Rolla. 2012. “Exhaled Nitric Oxide (FeNO) in Non-Pulmonary Diseases.” Journal of Breath 
Research 6 (2): 027104. doi:10.1088/1752-7155/6/2/027104. 
Burgan, Omar, Audrey Smargiassi, Stéphane Perron, and Tom Kosatsky. 2010. “Cardiovascular 
Effects of Sub-Daily Levels of Ambient Fine Particles: A Systematic Review.” Environmental 
Health: A Global Access Science Source 9 (1). doi:10.1186/1476-069X-9-26. 
Calderón-Garcidueñas, L, R Villarreal-Calderon, G Valencia-Salazar, C Henríquez-Roldán, P 
Gutiérrez-Castrellón, R Torres-Jardón, N Osnaya-Brizuela, et al. 2008. “Systemic 
Inflammation, Endothelial Dysfunction, and Activation in Clinically Healthy Children Exposed 
to Air Pollutants.” Inhalation Toxicology 20 (5): 499–506. doi:10.1080/08958370701864797. 
 
137 
Caravedo, M. A., P. M. Herrera, N. Mongilardi, A. de Ferrari, V. G. Davila-Roman, R. H. Gilman, R. 
A. Wise, C. H. Miele, J. J. Miranda, and W. Checkley. 2016. “Chronic Exposure to Biomass Fuel 
Smoke and Markers of Endothelial Inflammation.” Indoor Air 26 (5): 768–75. 
doi:10.1111/ina.12259. 
Carroll, Mary F., and David S. Schade. 2003. “Timing of Antioxidant Vitamin Ingestion Alters 
Postprandial Proatherogenic Serum Markers.” Circulation 108 (1): 24–31. 
doi:10.1161/01.CIR.0000074221.68903.77. 
Carter, Ellison, Scott Archer-Nicholls, Kun Ni, Alexandra M. Lai, Hongjiang Niu, Matthew H. Secrest, 
Sara M. Sauer, et al. 2016. “Seasonal and Diurnal Air Pollution from Residential Cooking and 
Space Heating in the Eastern Tibetan Plateau.” Environmental Science and Technology 50 
(15): 8353–61. doi:10.1021/acs.est.6b00082. 
Carter, Ellison, Christina Norris, Kathie L. Dionisio, Kalpana Balakrishnan, William Checkley, Maggie 
L. Clark, Santu Ghosh, et al. 2017. “Assessing Exposure to Household Air Pollution: A 
Systematic Review and Pooled Analysis of Carbon Monoxide as a Surrogate Measure of 
Particulate Matter.” Environmental Health Perspectives 125 (7): 1–12. doi:10.1289/EHP767. 
Chakrabarti, Bhabesh, Philip M. Fine, Ralph Delfino, and Constantinos Sioutas. 2004. “Performance 
Evaluation of the Active-Flow Personal DataRAM PM2.5 Mass Monitor (Thermo Anderson 
PDR-1200) Designed for Continuous Personal Exposure Measurements.” Atmospheric 





Chen, Chen, Scott Zeger, Patrick Breysse, Joanne Katz, William Checkley, Frank C. Curriero, and 
James M. Tielsch. 2016. “Estimating Indoor PM2.5 and CO Concentrations in Households in 
Southern Nepal: The Nepal Cookstove Intervention Trials.” PLoS ONE 11 (7): 1–17. 
doi:10.1371/journal.pone.0157984. 
Clark, Maggie L., Jennifer L. Peel, Kalpana Balakrishnan, Patrick N. Breysse, Steven N. Chillrud, Luke 
P. Naeher, Charles E. Rodes, Alan F. Vette, and John M. Balbus. 2013. “Health and Household 
Air Pollution from Solid Fuel Use: The Need for Improved Exposure Assessment.” 
Environmental Health Perspectives 121 (10): 1120–28. doi:10.1289/ehp.1206429. 
Clark, Maggie L., Stephen J. Reynolds, James B. Burch, Stuart Conway, Annette M. Bachand, and 
Jennifer L. Peel. 2010. “Indoor Air Pollution, Cookstove Quality, and Housing Characteristics 
in Two Honduran Communities.” Environmental Research 110 (1). Elsevier: 12–18. 
doi:10.1016/j.envres.2009.10.008. 
Clark, Maggie L, and Jennifer L Peel. 2014. “Perspectives in Household Air Pollution Research : Who 
Will Benefit from Interventions ?” Curr Envir Health Rpt, 250–57. doi:10.1007/s40572-014-
0021-0. 
Clark, Maggie L, Jennifer L Peel, Kalpana Balakrishnan, Patrick Breysse, Steven N Chillrud, Luke P 
Naeher, Charles E Rodes, Alan F Vette, John M Balbus, and MPH L Maggie Clark. 2012. 
“Household Air Pollution Related to Solid Fuel Use and Health: The Need for Improved 





Clark, Maggie L, Jennifer L Peel, James B Burch, Tracy L Nelson, Matthew M Robinson, Stuart 
Conway, Annette M Bachand, and Stephen J Reynolds. 2009. “Impact of Improved 
Cookstoves on Indoor Air Pollution and Adverse Health Effects among Honduran Women.” 
International Journal of Environmental Health Research 19 (5): 357–68. 
doi:10.1080/09603120902842705. 
De Gouw, H. W F M, K. Grünberg, R. Schot, A. C M Kroes, E. C. Dick, and P. J. Sterk. 1998. 
“Relationship between Exhaled Nitric Oxide and Airway Hyperresponsiveness Following 
Experimental Rhinovirus Infection in Asthmatic Subjects.” European Respiratory Journal 11 
(1): 126–32. doi:10.1183/09031936.98.11010126. 
de la Sota, Candela, Julio Lumbreras, Noemí Pérez, Marina Ealo, Moustapha Kane, Issakha Youm, 
and Mar Viana. 2018. “Indoor Air Pollution from Biomass Cookstoves in Rural Senegal.” 
Energy for Sustainable Development 43. International Energy Initiative: 224–34. 
doi:https://doi.org/10.1016/j.esd.2018.02.002. 
De Prins, Sofie;, Evi; Dons, Martine; Van Poppel, Luc; Int Panis, Els; Van de Mieroop, Vera; Nelen, 
Bianca; Cox, et al. 2014. “Airway Oxidative Stress and Inflammation Markers in Exhaled Breath 
from Children Are Linked with Exposure to Black Carbon.” Environment International 73: 440–
46. doi:10.1016/j.envint.2014.06.017. 
Delfino, Ralph J., Norbert Staimer, Thomas Tjoa, Daniel L. Gillen, Andrea Polidori, Mohammad 
Arhami, Michael T. Kleinman, Nosratola D. Vaziri, John Longhurst, and Constantinos Sioutas. 
2009. “Air Pollution Exposures and Circulating Biomarkers of Effect in a Susceptible 
Population: Clues to Potential Causal Component Mixtures and Mechanisms.” Environmental 
Health Perspectives 117 (8): 1232–38. doi:10.1289/journla.ehp.0800194. 
140 
Dinh-Xuan, Anh Tuan. 1992. “Endothelial Modulation of Pulmonary Vascular Tone.” European 
Respiratory Journal 5: 757–62. 
Donaldson, K, V Stone, A Clouter, L Renwick, and W MacNee. 2001. “Ultrafine Particles.” British 
Medical Journal 58 (3): 211. doi:10.1136/oem.58.3.211. 
Donaldson, Ken, and Vicki Stone. 2003. “Current Hypotheses on the Mechanisms of Toxicity of 
Ultrafine Particles.” Annali Dell’Istituto Superiore Di Sanita 39 (3): 405–10. doi:10.1016/B978-
0-444-62619-6.00027-6. 
Dressel, Holger, Dorothea de la Motte, Jörg Reichert, Uta Ochmann, Raluca Petru, Peter Angerer, 
Olaf Holz, Dennis Nowak, and Rudolf A. Jörres. 2008. “Exhaled Nitric Oxide: Independent 
Effects of Atopy, Smoking, Respiratory Tract Infection, Gender and Height.” Respiratory 
Medicine 102 (7): 962–69. doi:10.1016/j.rmed.2008.02.012. 
Dubowsky Adar, Sara, Gary Adamkiewicz, Diane R. Gold, Joel Schwartz, Brent A. Coull, and Helen 
Suh. 2007. “Ambient and Microenvironmental Particles and Exhaled Nitric Oxide before and 
after a Group Bus Trip.” Environmental Health Perspectives 115 (4): 507–12. 
doi:10.1289/ehp.9386. 
Dubowsky, Sarah D., Helen Suh, Joel Schwartz, Brent A. Coull, and Diane R. Gold. 2006. “Diabetes, 
Obesity, and Hypertension May Enhance Associations between Air Pollution and Markers of 






Dutta, Anindita, Manas Ranjan Ray, and Anirban Banerjee. 2012. “Systemic Inflammatory Changes 
and Increased Oxidative Stress in Rural Indian Women Cooking with Biomass Fuels.” 
Toxicology and Applied Pharmacology 261 (3). Elsevier Inc.: 255–62. 
doi:10.1016/j.taap.2012.04.004. 
Dutta, Anindita, Sanghita Roychoudhury, Saswati Chowdhury, and Manas Ranjan Ray. 2013. 
“Changes in Sputum Cytology, Airway Inflammation and Oxidative Stress Due to Chronic 
Inhalation of Biomass Smoke during Cooking in Premenopausal Rural Indian Women.” 
International Journal of Hygiene and Environmental Health 216 (3). Elsevier GmbH.: 301–8. 
doi:10.1016/j.ijheh.2012.05.005. 
Dweik, Ra, Pb Boggs, Sc Erzurum, and Cg Irvin. 2011. “An Official ATS Clinical Practice Guideline: 
Interpretation of Exhaled Nitric Oxide Levels (FENO) For.” American Journal of … 184 (1): 1–
33. doi:10.1164/rccm.912011ST. 
Eckel, Robert H. 1997. “Obesity and Heart Disease.” Circulation 96 (9): 3248 LP-3250. 
http://circ.ahajournals.org/content/96/9/3248.abstract. 
Eckel, Sandrah P, Kiros Berhane, Muhammad T Salam, Edward B Rappaport, William S. Linn, 
Theresa M. Bastain, Yue Zhang, Frederick Lurmann, Edward L. Avol, and Frank D. Gilliland. 
2011. “Residential Traffic-Related Pollution Exposures and Exhaled Nitric Oxide in the 
Children’s Health Study.” Environmental Health Perspectives 119 (10): 1472–77. 
doi:10.1289/ehp.1103516. 
Eckel, Sandrah P, and Muhammad T Salam. 2013. “Single High Flow Exhaled Nitric Oxide Is an 
Imperfect Proxy for Distal Nitric Oxide.” Occupational and Environmental Medicine 70 (7): 
519.2-520. doi:10.1136/oemed-2013-101458. 
142 
Eckel, Sandrah P, Zilu Zhang, Rima Habre, Edward B Rappaport, William S Linn, Kiros Berhane, Yue 
Zhang, Theresa M Bastain, and Frank D Gilliland. 2016. “Traffic-Related Air Pollution and 
Alveolar Nitric Oxide in Southern California Children.” European Respiratory Journal 47 (5): 
1348–56. doi:10.1183/13993003.01176-2015. 
Ezzati, Majid, and Daniel M. Kammen. 2002. “The Health Impacts of Exposure to Indoor Air 
Pollution from Solid Fuels in Developing Countries: Knowledge, Gaps, and Data Needs.” 
Environmental Health Perspectives 110 (11): 1057–68. doi:10.1289/ehp.021101057. 
Ezzati, Majid, Bernard M. Mbinda, and Daniel M. Kammen. 2000. “Comparison of Emissions and 
Residential Exposure from Traditional and Improved Cookstoves in Kenya.” Environmental 
Science and Technology 34 (4): 578–83. doi:10.1021/es9905795. 
Fahy, John V. 2009. “Eosinophilic and Neutrophilic Inflammation in Asthma: Insights from Clinical 
Studies.” Proceedings of the American Thoracic Society 6 (3): 256–59. 
doi:10.1513/pats.200808-087RM. 
Feghali, C a, and T M Wright. 1997. “Cytokines in Acute and Chronic Inflammation.” Frontiers in 
Bioscience : A Journal and Virtual Library 2: d12–26. 
Fierz, M., C. Houle, P. Steigmeier, and H. Burtscher. 2011. “Design, Calibration, and Field 
Performance of a Miniature Diffusion Size Classifier.” Aerosol Science and Technology 45 (1): 
1–10. doi:10.1080/02786826.2010.516283. 
Fierz, Martin, Alejandro Keller, and Heinz Burtscher. 2009. “Charge-Based Personal Aerosol 




Fierz, Martin, Silke Weimer, and Heinz Burtscher. 2009. “Design and Performance of an Optimized 
Electrical Diffusion Battery.” Journal of Aerosol Science 40 (2): 152–63. 
doi:10.1016/j.jaerosci.2008.09.007. 
Fischer, P. H., P. A. Steerenberg, J. D. Snelder, H. Van Loveren, and J. G C Van Amsterdam. 2002. 
“Association between Exhaled Nitric Oxide, Ambient Air Pollution and Respiratory Health in 
School Children.” International Archives of Occupational and Environmental Health 75 (5): 
348–53. doi:10.1007/s00420-002-0320-x. 
Fischer, Susan L, and Catherine P Koshland. 2007. “Daily and Peak 1 h Indoor Air Pollution and 
Driving Factors in a Rural Chinese Village” 41 (9): 3121–26. 
Forouzanfar, Mohammad H., Ashkan Afshin, Lily T. Alexander, H. Ross Anderson, Zulfiqar A. Bhutta, 
Stan Biryukov, Michael Brauer, et al. 2016. “Global, Regional, and National Comparative Risk 
Assessment of 79 Behavioural, Environmental and Occupational, and Metabolic Risks or 
Clusters of Risks, 1990–2015: A Systematic Analysis for the Global Burden of Disease Study 
2015.” The Lancet 388 (10053): 1659–1724. doi:10.1016/S0140-6736(16)31679-8. 
Franklin, Barry A., Robert Brook, and C. Arden Pope. 2015. “Air Pollution and Cardiovascular 
Disease.” Current Problems in Cardiology 40 (5). Elsevier: 207–38. 
doi:10.1016/j.cpcardiol.2015.01.003. 
Gabay, Cem, and Irving Kushner. 1999. “Acute-Phase Proteins and Other Systemic Responses to 





Gakidou, Emmanuela, Ashkan Afshin, Amanuel Alemu Abajobir, Kalkidan Hassen Abate, Cristiana 
Abbafati, Kaja M. Abbas, Foad Abd-Allah, et al. 2017. “Global, Regional, and National 
Comparative Risk Assessment of 84 Behavioural, Environmental and Occupational, and 
Metabolic Risks or Clusters of Risks, 1990-2016: A Systematic Analysis for the Global Burden 
of Disease Study 2016.” The Lancet 390 (10100): 1345–1422. doi:10.1016/S0140-
6736(17)32366-8. 
Garland, Charity, Samantha Delapena, Rajendra Prasad, Christian L Orange, Donee Alexander, and 
Michael Johnson. 2017. “Black Carbon Cookstove Emissions : A Fi Eld Assessment of 19 Stove 
/ Fuel Combinations.” Atmospheric Environment 169. Elsevier Ltd: 140–49. 
doi:10.1016/j.atmosenv.2017.08.040. 
George, S C, M Hogman, S Permutt, and P E Silkoff. 2004. “Modeling Pulmonary Nitric Oxide 
Exchange.” J Appl Physiol 96 (3): 831–39. doi:10.1152/japplphysiol.00950.2003. 
Gold, Diane R., and Murray A. Mittleman. 2013. “New Insights into Pollution and the 
Cardiovascular System: 2010 to 2012.” Circulation 127 (18): 1903–13. 
doi:10.1161/CIRCULATIONAHA.111.064337. 
Gordon, S B, N G Bruce, J Grigg, P L Hibberd, O P Kurmi, K B Lam, K Mortimer, et al. 2014. 
“Respiratory Risks from Household Air Pollution in Low and Middle Income Countries.” The 
Lancet. Respiratory Medicine 2 (10): 823–60. doi:10.1016/S2213-2600(14)70168-7. 
Graveland, Haitske, Sofie a H Van Roosbroeck, Wilhelmina M Rensen, Bert Brunekreef, and Ulrike 
Gehring. 2011. “Air Pollution and Exhaled Nitric Oxide in Dutch Schoolchildren.” Occupational 
and Environmental Medicine 68 (8): 551–56. doi:10.1136/oem.2010.056812. 
 
145 
Guo, F H, and S C Erzurum. 1998. “Characterization of Inducible Nitric Oxide Synthase Expression 
in Human Airway Epithelium.” Environmental Health Perspectives 106 Suppl (October): 1119–
24. doi:10.1289/ehp.98106s51119. 
Gurley, E. S., N. Homaira, H. Salje, P. K. Ram, R. Haque, W. Petri, J. Bresee, et al. 2013. “Indoor 
Exposure to Particulate Matter and the Incidence of Acute Lower Respiratory Infections 
among Children: A Birth Cohort Study in Urban Bangladesh.” Indoor Air 23 (5): 379–86. 
doi:10.1111/ina.12038. 
Harnan, Sue E, Paul Tappenden, Munira Essat, Tim Gomersall, Jon Minton, Ruth Wong, Ian Pavord, 
Mark Everard, and Rod Lawson. 2015. “Measurement of Exhaled Nitric Oxide Concentration 
in Asthma: A Systematic Review and Economic Evaluation of NIOX MINO, NIOX VERO and 
NObreath.” Health Technology Assessment 19 (82): 1–330. doi:10.3310/hta19820. 
Hoek, Gerard, Ranjini M Krishnan, Rob Beelen, Annette Peters, Bart Ostro, Bert Brunekreef, and 
Joel D Kaufman. 2013. “Long-Term Air Pollution Exposure and Cardio- Respiratory Mortality: 
A Review.” Environmental Health 12 (1): 43. doi:10.1186/1476-069X-12-43. 
Hoffmann, Barbara, Susanne Moebus, Nico Dragano, Andreas Stang, Stefan Möhlenkamp, Axel 
Schmermund, Michael Memmesheimer, et al. 2009. “Chronic Residential Exposure to 
Particulate Matter Air Pollution and Systemic Inflammatory Markers.” Environmental Health 
Perspectives 117 (8): 1302–8. doi:10.1289/ehp.0800362. 
Hogman, M., S. Stromberg, U. Schedin, C. Frostell, G. Hedenstierna, and L.E. Gustafson. 1997. 
“Nitric Oxide from the Human Respiratory Tract Efficiently Quantified by Standardized Single 
Breath Measurements.” Acta Physiologica 159 (4): 345–46. 
 
146 
Holgate, Stephen T, Thomas Sandström, Anthony J Frew, Nikolai Stenfors, Charlotta Nördenhall, 
Sundeep Salvi, Anders Blomberg, Ragnberth Helleday, and Margaretha Söderberg. 2003. 
“Health Effects of Acute Exposure to Air Pollution. Part I: Healthy and Asthmatic Subjects 
Exposed to Diesel Exhaust.” Research Report (Health Effects Institute), no. 112: 1-30; 
discussion 51-67. 
Horváth, Ildiko, Peter J Barnes, Marieann Högman, Anna-carin Olin, Anton Amann, Balazs Antus, 
Eugenio Baraldi, et al. 2017. “A European Respiratory Society Technical Standard : Exhaled 
Biomarkers in Lung Disease.” Eur Respir J 49. doi:10.1183/13993003.00965-2016. 
Hosgood, H. Dean, Qing Lan, Roel Vermeulen, Hu Wei, Boris Reiss, Joseph Coble, Fusheng Wei, Xu 
Jun, Guoping Wu, and Nat Rothman. 2012. “Combustion-Derived Nanoparticle Exposure and 
Household Solid Fuel Use in Xuanwei and Fuyuan, China.” International Journal of 
Environmental Health Research 22 (6): 571–81. doi:10.1080/09603123.2012.684147. 
Huang, Wei, Guangfa Wang, Shou-En Lu, Howard Kipen, Yuedan Wang, Min Hu, Weiwei Lin, et al. 
2012. “Inflammatory and Oxidative Stress Responses of Healthy Young Adults to Changes in 
Air Quality during the Beijing Olympics.” American Journal of Respiratory and Critical Care 
Medicine 186 (11): 1150–59. doi:10.1164/rccm.201205-0850OC. 
Janssen, Nicole A.H., Miriam E. Gerlofs-Nijland, Timo Lanki, Raimo O. Salonen, Flemming Cassee, 
Gerard Hoek, Paul Ficher, Bert Brunekreef, and Michal Krzyzanowski. 2012. “Health Effects of 





Janssen, Nicole A.H., Gerard Hoek, Milena Simic-Lawson, Paul Fischer, Leendert van Bree, Harry 
ten Brink, Menno Keuken, et al. 2011. “Black Carbon as an Additional Indicator of the Adverse 
Health Effects of Airborne Particles Compared with PM10 and PM2.5.” Environmental Health 
Perspectives 119 (12): 1691–99. doi:10.1289/ehp.1003369. 
Jenny, Nancy S., and Mary Cushman. 2014. “Initiator or Product of Inflammation?” Circulation 
Research 114 (4): 596–97. doi:10.1161/CIRCRESAHA.114.303216. 
Jetter, James, Yongxin Zhao, Kirk R. Smith, Bernine Khan, Tiffany Yelverton, Peter Decarlo, and 
Michael D. Hays. 2012. “Pollutant Emissions and Energy Efficiency under Controlled 
Conditions for Household Biomass Cookstoves and Implications for Metrics Useful in Setting 
International Test Standards.” Environmental Science and Technology 46 (19): 10827–34. 
doi:10.1021/es301693f. 
Jiang, Jingjing, and Steven C George. 2011. “TGF- ␤ 2 Reduces Nitric Oxide Synthase MRNA through 
a ROCK-Dependent Pathway in Airway Epithelial Cells,” 361–67. 
doi:10.1152/ajplung.00464.2010. 
Jiang, Jingjing, Nikita Malavia, Vinod Suresh, and Steven C George. 2009. “Nitric Oxide Gas Phase 
Release in Human Small Airway Epithelial Cells.” Respiratory Research 10: 3. 
doi:10.1186/1465-9921-10-3. 
Johnson, B. Delia, Kevin E. Kip, Oscar C. Marroquin, Paul M. Ridker, Sheryl F. Kelsey, Leslee J. Shaw, 
Carl J. Pepine, et al. 2004. “Serum Amyloid A as a Predictor of Coronary Artery Disease and 
Cardiovascular Outcome in Women: The National Heart, Lung, and Blood Institute-Sponsored 
Women’s Ischemia Syndrome Evaluation (WISE).” Circulation 109 (6): 726–32. 
doi:10.1161/01.CIR.0000115516.54550.B1. 
148 
Jones, S L, J Kittelson, J O Cowan, E M Flannery, R J Hancox, C R McLachlan, and D R Taylor. 2001. 
“The Predictive Value of Exhaled Nitric Oxide Measurements in Assessing Changes in Asthma 
Control.” Am J Respir Crit Care Med 164 (5): 738–43. doi:10.1164/ajrccm.164.5.2012125. 
Jorres, R.A. 2000. “Modelling the Production of Nitric Oxide within the Human Airways.” European 
Respiratory Journal 16 (1): 555–60. 
Just, Brian, Steven Rogak, and Milind Kandlikar. 2013. “Characterization of Ultrafine Particulate 
Matter from Traditional and Improved Biomass Cookstoves.” Environmental Science and 
Technology 47 (7): 3506–12. doi:10.1021/es304351p. 
Kaur, Maninder, Khaiwal Ravindra, Suman Mor, and Siby John. 2017. “Household Air Pollution from 
Various Types of Rural Kitchens and Its Exposure Assessment.” Science of the Total 
Environment. Elsevier B.V., 1–11. doi:10.1016/j.scitotenv.2017.01.051. 
Keustermans, Genoveva C E, Sanne B E Hoeks, Jenny M. Meerding, Berent J. Prakken, and Wilco 
de Jager. 2013. “Cytokine Assays: An Assessment of the Preparation and Treatment of Blood 
and Tissue Samples.” Methods 61 (1). Elsevier Inc.: 10–17. doi:10.1016/j.ymeth.2013.04.005. 
Kharitonov, S. A., F. Gonio, C. Kelly, S. Meah, and P. J. Barnes. 2003. “Reproducibility of Exhaled 
Nitric Oxide Measurements in Healthy and Asthmatic Adults and Children.” European 
Respiratory Journal 21 (1): 433–38. doi:10.1183/09031936.03.00066903. 
Kharitonov, S. A., D. Yates, and P. J. Barnes. 1995. “Increased Nitric Oxide in Exhaled Air of Normal 





Kharitonov, Sa, Kf Chung, D Evans, Bj O’Connor, and Pj Barnes. 1996. “Incresed Exhaled Nitric Oxide 
in Asthma Is Mainly Derived from the Lower Respiratory Tract.” American Journal of Critical 
Care Medicine 153: 1773–80. 
Kim, Ki Hyun, Shamin Ara Jahan, and Ehsanul Kabir. 2011. “A Review of Diseases Associated with 
Household Air Pollution Due to the Use of Biomass Fuels.” Journal of Hazardous Materials 
192 (2). Elsevier B.V.: 425–31. doi:10.1016/j.jhazmat.2011.05.087. 
Kirchstetter, Thomas W., and T. Novakov. 2007. “Controlled Generation of Black Carbon Particles 
from a Diffusion Flame and Applications in Evaluating Black Carbon Measurement Methods.” 
Atmospheric Environment 41 (9): 1874–88. doi:10.1016/j.atmosenv.2006.10.067. 
Koehler, Kristen A., and Thomas Peters. 2015. “New Methods for Personal Exposure Monitoring 
for Airborne Particles.” Current Environmental Health Reports 2 (4): 37–54. 
doi:10.1016/bs.mcb.2015.01.016.Observing. 
Koenig, J. Q., K. Jansen, T. F. Mar, T. Lumley, J. Kaufman, C. A. Trenga, J. Sullivan, L. J S Liu, G. G. 
Shapiro, and T. V. Larson. 2003. “Measurement of Offline Exhaled Nitric Oxide in a Study of 
Community Exposure to Air Pollution.” Environmental Health Perspectives 111 (13): 1625–29. 
doi:10.1289/ehp.6160. 
Kraai, Stèphan, Lilly M. Verhagen, Enrique Valladares, Joaquin Goecke, Lorena Rasquin, Paula 
Colmenares, Berenice Del Nogal, Peter W M Hermans, and Jacobus H. de Waard. 2013. “High 
Prevalence of Asthma Symptoms in Warao Amerindian Children in Venezuela Is Significantly 
Associated with Open-Fire Cooking: A Cross-Sectional Observational Study.” Respiratory 
Research 14 (1): 1–10. doi:10.1186/1465-9921-14-76. 
 
150 
Kshirsagar, Milind P., and Vilas R. Kalamkar. 2014. “A Comprehensive Review on Biomass 
Cookstoves and a Systematic Approach for Modern Cookstove Design.” Renewable and 
Sustainable Energy Reviews 30. Elsevier: 580–603. doi:10.1016/j.rser.2013.10.039. 
Kumar, Manoj, Sachin Kumar, and S.K. Tyagi. 2013. “Design, Development and Technological 
Advancement in the Biomass Cookstoves: A Review.” Renewable and Sustainable Energy 
Reviews 26. Elsevier: 265–85. doi:10.1016/j.rser.2013.05.010. 
L’Orange, Christian, John Volckens, and Morgan DeFoort. 2012. “Influence of Stove Type and 
Cooking Pot Temperature on Particulate Matter Emissions from Biomass Cook Stoves.” 
Energy for Sustainable Development 16 (4). Elsevier B.V.: 448–55. 
doi:10.1016/j.esd.2012.08.008. 
Lane, C, D Knight, S Burgess, P Franklin, F Horak, J Legg, A Moeller, and S Stick. 2004. “Epithelial 
Inducible Nitric Oxide Synthase Activity Is the Major Determinant of Nitric Oxide 
Concentration in Exhaled Breath,” 757–61. doi:10.1136/thx.2003.014894. 
Leon, Benjamin M. 2015. “Diabetes and Cardiovascular Disease: Epidemiology, Biological 
Mechanisms, Treatment Recommendations and Future Research.” World Journal of Diabetes 
6 (13): 1246. doi:10.4239/wjd.v6.i13.1246. 
Li, Wenyuan, Kirsten S. Dorans, Elissa H. Wilker, Mary B. Rice, Petter L. Ljungman, Joel D. Schwartz, 
Brent A. Coull, et al. 2017. “Short-Term Exposure to Ambient Air Pollution and Biomarkers of 





Li, Wenyuan, Elissa H. Wilker, Kirsten S. Dorans, Mary B. Rice, Joel Schwartz, Brent A. Coull, Petros 
Koutrakis, et al. 2016. “Short‐Term Exposure to Air Pollution and Biomarkers of Oxidative 
Stress: The Framingham Heart Study.” Journal of the American Heart Association 5 (5): 
e002742. doi:10.1161/JAHA.115.002742. 
Li, Xinghua, Lei Duan, Shuxiao Wang, Jingchun Duan, Xingming Guo, Honghong Yi, Jingnan Hu, Chao 
Li, and Jiming Hao. 2007. “Emission Characteristics of Particulate Matter from Rural 
Household Biofuel Combustion in China.” Energy and Fuels 21 (2): 845–51. 
doi:10.1021/ef060150g. 
Li, Yanli, Kate Rittenhouse-Olson, William L. Scheider, and Lina Mu. 2012. “Effect of Particulate 
Matter Air Pollution on C-Reactive Protein: A Review of Epidemiologic Studies.” Rev Environ 
Health 27 (4): 133–49. doi:10.1515/reveh-2012-0012.Effect. 
Lim SS, Vos T, Flaxman AD, et al. 2012. “A Comparative Risk Assessment of Burden of Disease and 
Injury Attributable to 67 Risk Factors and Risk Factor Clusters in 21 Regions, 1990–2010: A 
Systematic Analysis for the Global Burden of Disease Study 2010.” Lancet 380 (9859): 2224–
60. doi:10.1016/S0140-6736(12)61766-8.A. 
Lin, Weiwei, Wei Huang, Tong Zhu, Min Hu, Bert Brunekreef, Yuanhang Zhang, Xingang Liu, et al. 
2011. “Acute Respiratory Inflammation in Children and Black Carbon in Ambient Air before 






Liu, Ling, Raymond Poon, Li Chen, Anna-Maria Frescura, Paolo Montuschi, Giovanni Ciabattoni, 
Amanda Wheeler, and Robert Dales. 2009. “Acute Effects of Air Pollution on Pulmonary 
Function, Airway Inflammation, and Oxidative Stress in Asthmatic Children.” Environmental 
Health Perspectives 117 (4): 668–74. doi:10.1289/ehp11813. 
Long, Christopher M., Marc A. Nascarella, and Peter A. Valberg. 2013. “Carbon Black vs. Black 
Carbon and Other Airborne Materials Containing Elemental Carbon: Physical and Chemical 
Distinctions.” Environmental Pollution 181. Elsevier Ltd: 271–86. 
doi:10.1016/j.envpol.2013.06.009. 
Lunden, M. M., W. W. Delp, and B. C. Singer. 2015. “Capture Efficiency of Cooking-Related Fine 
and Ultrafine Particles by Residential Exhaust Hoods.” Indoor Air 25 (1): 45–58. 
doi:10.1111/ina.12118. 
MacCarty, Nordica, Dean Still, and Damon Ogle. 2010. “Fuel Use and Emissions Performance of 
Fifty Cooking Stoves in the Laboratory and Related Benchmarks of Performance.” Energy for 
Sustainable Development 14 (3). Elsevier Inc.: 161–71. doi:10.1016/j.esd.2010.06.002. 
Madjid, Mohammad, and James T. Willerson. 2011. “Inflammatory Markers in Coronary Heart 
Disease.” British Medical Bulletin 100 (1): 23–38. doi:10.1093/bmb/ldr043. 
Madrigano, Jaime, Andrea Baccarelli, Robert O Wright, Helen Suh, David Sparrow, Pantel S 
Vokonas, and Joel Schwartz. 2010. “Air Pollution, Obesity, Genes and Cellular Adhesion 





Mayeux, Richard. 2004. “Biomarkers: Potential Uses and Limitations.” NeuroRx : The Journal of the 
American Society for Experimental NeuroTherapeutics 1 (2): 182–88. 
doi:10.1602/neurorx.1.2.182. 
McDade, Thomas Wesley, Sharon A. (Sharon Ann Allanson) Williams, and J. Josh. Snodgrass. 2007. 
“What a Drop Can Do: Dried Blood Spots as a Minimally Invasive Method for Integrating 
Biomarkers Into Population-Based Research.” Demography 44 (4): 899–925. 
doi:10.1353/dem.2007.0038. 
Mei, Joanne V, J Richard Alexander, Barbara W Adam, and W Harry Hannon. 2001. “Innovative 
Non- or Minimally-Invasive Technologies for Monitoring Health and Nutritional Status in 
Mothers and Young Children Use of Filter Paper for the Collection and Analysis of Human 
Whole Blood Specimens 1,” 1631–36. 
Meier, Reto, Katherine Clark, and Michael Riediker. 2013. “Comparative Testing of a Miniature 
Diffusion Size Classifier to Assess Airborne Ultrafine Particles Under Field Conditions.” Aerosol 
Science and Technology 47 (1): 22–28. doi:10.1080/02786826.2012.720397. 
Miller, Elizabeth M., and THomas W McDade. 2012. “A Highly Sensitive Immunoassay for 
Interleukin-6 in Dried Blood Spots.” American Journal of Human Biology 24 (6): 863–65. 
doi:10.1002/ajhb.22324.A. 
Miller, Kristin A., D. Siscovick, Lianne Sheppard, K P Shepherd, J. Sullivan, Garnet Anderson, and 
Joel D. Kaufman. 2007. “Long-Term Exposure to Air Pollution and Incidence of Cardiovascular 




Mills, Jessica B., Jae. Hong Park, and Thomas M. Peters. 2013. “Comparison of the DiSCmini Aerosol 
Monitor to a Handheld Consenation Particle Counter and a Scanning Mobility Particle Sizer 
for Submicrometer Sodium Chloride and Metal Aerosols.” J Occup Environ Hyg 33 (4): 395–
401. doi:10.1038/nbt.3121.ChIP-nexus. 
Misra, Ankita, Matthew P Longnecker, Kathie L Dionisio, Riana M S Bornman, Gregory S Travlos, 
Sukhdev Brar, and Kristina W Whitworth. 2018. “Household Fuel Use and Biomarkers of in Fl 
Ammation and Respiratory Illness among Rural South African Women.” Environmental 
Research 166 (November 2017). Elsevier Inc.: 112–16. doi:10.1016/j.envres.2018.05.016. 
Modig, Lars, Santosh Dahgam, David Olsson, Fredrik Nyberg, Kristina Wass, Bertil Forsberg, and 
Anna-Carin Olin. 2014. “Short-Term Exposure to Ozone and Levels of Exhaled Nitric Oxide.” 
Epidemiology 25 (1): 79–87. doi:10.1097/EDE.0000000000000002. 
Muala, A, G Rankin, M Sehlstedt, J Unosson, J.A. Bosson, J. Pourazar, R. Nystrom, C. Boman, and 
A. Blomberg. 2013. “Effects of Experimental Wood Smoke Exposure in Healthy Human 
Subjects.” American Journal of Respiratory and Critical Care Medicine 187 (Level 5). 
Munakata, Mitsuru. 2012. “Exhaled Nitric Oxide (FeNO) as a Non-Invasive Marker of Airway 
Inflammation.” Allergology International : Official Journal of the Japanese Society of 
Allergology 61 (3). Elsevier Masson SAS: 365–72. doi:10.2332/allergolint.12-RAI-0461. 
Naeher, Luke P., Michael Brauer, Michael Lipsett, Judith T. Zelikoff, Christopher D. Simpson, Jane 
Q. Koenig, and Kirk R. Smith. 2007. “Woodsmoke Health Effects: A Review.” Inhalation 




Newby, David E., Pier M. Mannucci, Grethe S. Tell, Andrea A. Baccarelli, Robert D. Brook, Ken 
Donaldson, Francesco Forastiere, et al. 2015. “Expert Position Paper on Air Pollution and 
Cardiovascular Disease.” European Heart Journal 36 (2): 83–93. 
doi:10.1093/eurheartj/ehu458. 
Nickmilder, Marc, Claire de Burbure, Carbonnelle Sylviane, Dumont Xavier, Bernard Alfred, and 
Derouane Alain. 2007. “Increase of Exhaled Nitric Oxide in Children Exposed to Low Levels of 
Ambient Ozone.” Journal of Toxicology and Environmental Health, Part A 70 (3–4): 270–74. 
doi:10.1080/15287390600884834. 
Northcross, Amanda L., Nina Hwang, Kalpana Balakrishnan, and Sumi Mehta. 2015. “Assessing 
Exposures to Household Air Pollution in Public Health Research and Program Evaluation.” 
EcoHealth 12 (1). Springer US: 57–67. doi:10.1007/s10393-014-0990-3. 
Olin, A. C., K. Alving, and K. Torén. 2004. “Exhaled Nitric Oxide: Relation to Sensitization and 
Respiratory Symptoms.” Clinical and Experimental Allergy 34 (2): 221–26. 
doi:10.1111/j.1365-2222.2004.01888.x. 
Olin, Anna-Carin. 2006. “Height, Age, and Atopy Are Associated With Fraction of Exhaled Nitric 
Oxide in a Large Adult General Population Sample.” CHEST Journal 130 (5): 1319. 
doi:10.1378/chest.130.5.1319. 
Olin, Anna Carin, Annika Rosengren, Dag S. Thelle, Lauren Lissner, and Kjell Torén. 2010. “Increased 
Fraction of Exhaled Nitric Oxide Predicts New-Onset Wheeze in a General Population.” 




Olivieri, Mario, Giorgio Talamini, Massimo Corradi, Luigi Perbellini, Antonio Mutti, Claudio 
Tantucci, and Mario Malerba. 2006. “Reference Values for Exhaled Nitric Oxide (Reveno) 
Study.” Respiratory Research 7: 94. doi:10.1186/1465-9921-7-94. 
Olopade, Christopher O., Elizabeth Frank, Emily Bartlett, Donee Alexander, Anindita Dutta, Tope 
Ibigbami, Damilola Adu, et al. 2017. “Effect of a Clean Stove Intervention on Inflammatory 
Biomarkers in Pregnant Women in Ibadan, Nigeria: A Randomized Controlled Study.” 
Environment International 98. The Authors: 181–90. doi:10.1016/j.envint.2016.11.004. 
Oluwole, Oluwafemi, Ganiyu Arinola, Dezheng Huo, and Christopher O. Olopade. 2017. “Biomass 
Fuel Exposure and Asthma Symptoms among Rural School Children in Nigeria.” 
Environmental Determinants 54 (4): 347–56. 
doi:https://doi.org/10.1080/02770903.2016.1227334. 
Ortega, Francisco B., Carl J. Lavie, and Steven N. Blair. 2016. “Obesity and Cardiovascular Disease.” 
Circulation Research 118 (11): 1752–70. doi:10.1161/CIRCRESAHA.115.306883. 
Paffen, Elaine, and Moniek P M deMaat. 2006. “C-Reactive Protein in Atherosclerosis: A Causal 
Factor?” Cardiovascular Research 71 (1): 30–39. doi:10.1016/j.cardiores.2006.03.004. 
Park, E, and K Lee. 2003. “Particulate Exposure and Size Distribution from Wood Burning Stoves in 







Pearson, Thomas A., George A. Mensah, R. Wayne Alexander, Jeffrey L. Anderson, Richard O. 
Cannon, Michael Criqui, Yazid Y. Fadl, et al. 2003. “Markers of Inflammation and 
Cardiovascular Disease: Application to Clinical and Public Health Practice: A Statement for 
Healthcare Professionals from the Centers for Disease Control and Prevention and the 
American Heart Association.” Circulation 107 (3): 499–511. 
doi:10.1161/01.CIR.0000052939.59093.45. 
Pietropaoli, Anthony P, Mark W Frampton, Richard W Hyde, Paul E Morrow, Günter Oberdörster, 
Christopher Cox, Donna M Speers, et al. 2004. “Pulmonary Function, Diffusing Capacity, and 
Inflammation in Healthy and Asthmatic Subjects Exposed to Ultrafine Particles.” Inhalation 
Toxicology 16 Suppl 1 (August 2003): 59–72. doi:10.1080/08958370490443079. 
Pignatti, Patrizia, and Antonio Spanevello. 2016. “Towards a Practical Clinical Use of Fractioned 
Exhaled Nitric Oxide Levels in Chronic Cough.” Annals of Translational Medicine 4 (18): 357–
357. doi:10.21037/atm.2016.08.13. 
Po, J. Y. T., J. M. FitzGerald, and C. Carlsten. 2011. “Respiratory Disease Associated with Solid 
Biomass Fuel Exposure in Rural Women and Children: Systematic Review and Meta-Analysis.” 
Thorax 66 (3): 232–39. doi:10.1136/thx.2010.147884. 
Polichetti, Giuliano, Stefania Cocco, Alessandra Spinali, Valentina Trimarco, and Alfredo Nunziata. 
2009. “Effects of Particulate Matter (PM10, PM2.5 and PM1) on the Cardiovascular System.” 





Pollard, Suzanne L, D’Ann L Williams, Patrick N Breysse, Patrick A Baron, Laura M Grajeda, Robert 
H Gilman, J Jaime Miranda, and William Checkley. 2014. “A Cross-Sectional Study of 
Determinants of Indoor Environmental Exposures in Households with and without Chronic 
Exposure to Biomass Fuel Smoke.” Environmental Health : A Global Access Science Source 13 
(1). Environmental Health: 12. doi:10.1186/1476-069X-13-21. 
Pope, C. A. 2000. “Epidemiology of Fine Particulate Air Pollution and Human Health: Biologic 
Mechanisms and Who’s at Risk?” Environmental Health Perspectives 108 (SUPPL. 4): 713–23. 
doi:10.1289/ehp.00108s4713. 
Possa, Samantha S, Edna A Leick, Carla M Prado, Mílton A Martins, and Iolanda F L C Tibério. 2013. 
“Eosinophilic Inflammation in Allergic Asthma” 4 (April): 1–9. doi:10.3389/fphar.2013.00046. 
Presler-Jur, Paige, Prakash Doraiswamy, Okisha Hammond, and Joann Rice. 2017. “An Evaluation 
of Mass Absorption Cross-Section for Optical Carbon Analysis on Teflon Filter Media.” Journal 
of the Air and Waste Management Association 67 (11). Taylor & Francis: 1213–28. 
doi:10.1080/10962247.2017.1310148. 
Proud, N. 2005. “Nitric Oxide and the Common Cold.” Current Opinion in Allergy and Clinical 
Immunology 5 (1): 37–42. 
Puckett, James L, Richard W E Taylor, Szu-Yun Leu, Olga L Guijon, Anna S Aledia, Stanley P Galant, 
and Steven C George. 2010. “Clinical Patterns in Asthma Based on Proximal and Distal Airway 





Puett, Robin C., Joel Schwartz, Jaime E. Hart, Jeff D. Yanosky, Frank E. Speizer, Helen Suh, 
Christopher J. Paciorek, Lucas M. Neas, and Francine Laden. 2008. “Chronic Particulate 
Exposure, Mortality, and Coronary Heart Disease in the Nurses’ Health Study.” American 
Journal of Epidemiology 168 (10): 1161–68. doi:10.1093/aje/kwn232. 
Qian, Yuchen. 2015. “Comparing and Validating Dried Blood Spots with Plasma for Cytokine 
Assessments in Environmental Exposure Settings.” 
Rajagopalan, Sanjay, and Robert D. Brook. 2012. “Indoor-Outdoor Air Pollution Continuum and 
CVD Burden: An Opportunity for Improving Global Health.” Global Heart 7 (3). World Heart 
Federation (Geneva): 207–13. doi:10.1016/j.gheart.2012.06.009. 
Rehfuess, Eva A., Elisa Puzzolo, Debbi Stanistreet, Daniel Pope, and Nigel G. Bruce. 2014. “Enablers 
and Barriers to Large-Scale Uptake of Improved Solid Fuel Stoves: A Systematic Review.” 
Environmental Health Perspectives, no. 2: 120–31. http://ehp.niehs.nih.gov/1306639/. 
Reid, J. S., R. Koppmann, T. F. Eck, and D. P. Eleuterio. 2004. “A Review of Biomass Burning 
Emissions, Part II: Intensive Physical Properties of Biomass Burning Particles.” Atmospheric 
Chemistry and Physics Discussions 4 (5): 5135–5200. doi:10.5194/acpd-4-5135-2004. 
Reifen, Ram. 2002. “Vitamin A as an Anti-Inflammatory Agent.” Proceedings of the Nutrition 
Society 61 (03): 397–400. doi:10.1079/PNS2002172. 






Riddervold, Ingunn, Jakob Bønløkke, Anna-carin Olin, Therese Grønborg, Vivi Schlünssen, Kristin 
Skogstrand, David Hougaard, Andreas Massling, and Torben Sigsgaard. 2012. “Effects of 
Wood Smoke Particles from Wood-Burning Stoves on the Respiratory Health of Atopic 
Humans.” Particle and Fibre Toxicology 9 (1): 12. doi:10.1186/1743-8977-9-12. 
Ridker, Paul M. 2003. “Clinical Application of C-Reactive Protein for Cardiovascular Disease 
Detection and Prevention.” Circulation 107 (3): 363–69. 
doi:10.1161/01.CIR.0000053730.47739.3C. 
Roden, Christoph a., Tami C. Bond, Stuart Conway, and Anibal Benjamin Osorto Pinel. 2006. 
“Emission Factors and Real-Time Optical Properties of Particles Emitted from Traditional 
Wood Burning Cookstoves.” Environmental Science and Technology 40 (21): 6750–57. 
doi:10.1021/es052080i. 
Roden, Christoph a., Tami C. Bond, Stuart Conway, Anibal Benjamin Osorto Pinel, Nordica 
MacCarty, and Dean Still. 2009. “Laboratory and Field Investigations of Particulate and 
Carbon Monoxide Emissions from Traditional and Improved Cookstoves.” Atmospheric 
Environment 43 (6): 1170–81. doi:10.1016/j.atmosenv.2008.05.041. 
Salam, M T, T M Bastain, E B Rappaport, T Islam, K Berhane, W J Gauderman, and F D Gilliland. 
2011. “Genetic Variations in Nitric Oxide Synthase and Arginase Influence Exhaled Nitric 
Oxide Levels in Children.” Allergy 66 (3): 412–19. doi:10.1111/j.1398-9995.2010.02492.x. 
Salam, Muhammad T., Pi Chu Lin, Sandrah P. Eckel, W. James Gauderman, and Frank D. Gilliland. 
2015. “Inducible Nitric Oxide Synthase Promoter Haplotypes and Residential Traffic-Related 
Air Pollution Jointly Influence Exhaled Nitric Oxide Level in Children.” PLoS ONE 10 (12): 1–
12. doi:10.1371/journal.pone.0145363. 
161 
Salam, Muhammad T, Hyang-Min Byun, Fred Lurmann, Carrie V Breton, Xinhui Wang, Sandrah P 
Eckel, and Frank D Gilliland. 2012. “Genetic and Epigenetic Variations in Inducible Nitric Oxide 
Synthase Promoter, Particulate Pollution, and Exhaled Nitric Oxide Levels in Children.” The 
Journal of Allergy and Clinical Immunology 129 (1): 232-9.e1-7. 
doi:10.1016/j.jaci.2011.09.037. 
Salome, C.M.;, A.M.; Roberts, N.J.; Brown, J.; Dermand, G.B.; Marks, and A.J; Woolcock. 1999. 
“Exhaled Nitric Oxide in a Population Sample of Adults.” AM J RESPIR CRIT CARE MED 159: 
911–16. doi:10.1159/000104852. 
Sanidas, Elias, Dimitris P. Papadopoulos, Harris Grassos, Maria Velliou, Kostas Tsioufis, John 
Barbetseas, and Vasilios Papademetriou. 2017. “Air Pollution and Arterial Hypertension. A 
New Risk Factor Is in the Air.” Journal of the American Society of Hypertension 11 (11). Elsevier 
Inc: 709–15. doi:10.1016/j.jash.2017.09.008. 
Savy, Mathilde, Yves Martin-Prével, Pierre Traissac, Sabrina Eymard-Duvernay, and Francis 
Delpeuch. 2006. “Dietary Diversity Scores and Nutritional Status of Women Change during 
the Seasonal Food Shortage in Rural Burkina Faso.” The Journal of Nutrition 136 (10): 2625–
32. http://www.ncbi.nlm.nih.gov/pubmed/16988137. 
Schei, Morten A., Jens O. Hessen, Kirk R. Smith, Nigel Bruce, John McCracken, and Victorina Lopez. 
2004. “Childhood Asthma and Indoor Woodsmoke from Cooking in Guatemala.” Journal of 





Schmid, Christoph, Peter Wiesli, René Bernays, Konrad Bloch, Jürgen Zapf, Cornelia Zwimpfer, 
Claudia Ghirlanda, and Michael Brändle. 2004. “Decrease in SE-Selectin after Pituitary Surgery 
in Patients with Acromegaly.” Clinical Chemistry 50 (3): 650–52. 
doi:10.1373/clinchem.2003.028779. 
Scott, Peter. n.d. “Simple Plans To Build the Justa Stove.” 
Sehlstedt, Maria, Rosamund Dove, Christoffer Boman, Joakim Pagels, Erik Swietlicki, Jakob 
Löndahl, Roger Westerholm, et al. 2010. “Antioxidant Airway Responses Following 
Experimental Exposure to Wood Smoke in Man.” Particle and Fibre Toxicology 7: 21. 
doi:10.1186/1743-8977-7-21. 
Shan, Ming, Xudong Yang, Majid Ezzati, Nishi Chaturvedi, Emma Coady, Alun Hughes, Yuhui Shi, 
Ming Yang, Yuanxun Zhang, and Jill Baumgartner. 2014. “A Feasibility Study of the Association 
of Exposure to Biomass Smoke with Vascular Function, Inflammation, and Cellular Aging.” 
Environmental Research 135. Elsevier: 165–72. doi:10.1016/j.envres.2014.09.006. 
Shen, Guofeng, Siye Wei, Wen Wei, Yanyan Zhang, Yujia Min, Bin Wang, Rong Wang, et al. 2012. 
“Emission Factors, Size Distributions, and Emission Inventories of Carbonaceous Particulate 
Matter from Residential Wood Combustion in Rural China.” Environmental Science and 
Technology 46 (7): 4207–14. doi:10.1021/es203957u. 
Shin, Hye-won, Steven C George, Jingjing Jiang, Steven C George, Tiffany A Major, Warunya 
Panmanee, Joel E Mortensen, et al. 2012. “Microscopic Modeling of NO and S -
Nitrosoglutathione Kinetics and Transport in Human Airways Microscopic Modeling of NO 
and S -Nitrosoglutathione Kinetics and Transport in Human Airways” 2575: 777–88. 
 
163 
Silkoff, P. E. 2005. “ATS/ERS Recommendations for Standardized Procedures for the Online and 
Offline Measurement of Exhaled Lower Respiratory Nitric Oxide and Nasal Nitric Oxide in 
Adults and Children-1999.” American Journal of Respiratory and Critical Care Medicine 171 
(6): 2104–17. doi:10.1164/rccm.200406-710ST. 
Silkoff, P.E., P.A. Mcclean, A.S. Slutsky, H.G. Furlott, E. Hoffstein, S. Wakita, K.R. Chapman, J.P. 
Szalai, and N. Zamel. 1997. “Marked Flow-Dependence of Exhaled Nitric Oxide Using a New 
Technique to Exclude Nasal Nitric Oxide.” American Journal of Respiratory and Critical Care 
Medicine 155 (1). 
Skogstrand, Kristin, Charlotte K. Ekelund, Poul Thorsen, Ida Vogel, Bo Jacobsson, Bent Nørgaard-
Pedersen, and David M. Hougaard. 2008. “Effects of Blood Sample Handling Procedures on 
Measurable Inflammatory Markers in Plasma, Serum and Dried Blood Spot Samples.” Journal 
of Immunological Methods 336 (1): 78–84. doi:10.1016/j.jim.2008.04.006. 
Smith, Kirk R., Karabi Dutta, Chaya Chengappa, P. P.S. Gusain, Omar Masera and Victor Berrueta, 
Rufus Edwards, Rob Bailis, and Kyra Naumoff Shields. 2007. “Monitoring and Evaluation of 
Improved Biomass Cookstove Programs for Indoor Air Quality and Stove Performance: 
Conclusions from the Household Energy and Health Project.” Energy for Sustainable 
Development 11 (2). International Energy Initiative, Inc.: 5–18. doi:10.1016/S0973-
0826(08)60396-8. 
Smith, Kirk R, Nigel Bruce, Kalpana Balakrishnan, Heather Adair-Rohani, John Balmes, Zoë Chafe, 
Mukesh Dherani, et al. 2014a. Millions Dead: How Do We Know and What Does It Mean? 
Methods Used in the Comparative Risk Assessment of Household Air Pollution. Annual Review 
of Public Health. Vol. 35. doi:10.1146/annurev-publhealth-032013-182356. 
164 
———. 2014b. “Millions Dead: How Do We Know and What Does It Mean? Methods Used in the 
Comparative Risk Assessment of Household Air Pollution.” Annual Review of Public Health 35: 
185–206. doi:10.1146/annurev-publhealth-032013-182356. 
Solini, A., E. Santini, and E. Ferrannini. 2006. “Effect of Short-Term Folic Acid Supplementation on 
Insulin Sensitivity and Inflammatory Markers in Overweight Subjects.” International Journal 
of Obesity 30 (8): 1197–1202. doi:10.1038/sj.ijo.0803265. 
Still, Dean, Samuel Bentson, and Haixi Li. 2014. “Results of Laboratory Testing of 15 Cookstove 
Designs in Accordance with the ISO/IWA Tiers of Performance.” EcoHealth. 
doi:10.1007/s10393-014-0955-6. 
Stockfelt, Leo, Gerd Sallsten, Anna-Carin Olin, Pernilla Almerud, Lena Samuelsson, Sandra 
Johannesson, Peter Molnar, et al. 2012. “Effects on Airways of Short-Term Exposure to Two 
Kinds of Wood Smoke in a Chamber Study of Healthy Humans.” Inhalation Toxicology 24 (1): 
47–59. doi:10.3109/08958378.2011.633281. 
Strak, M, H Boogaard, K Meliefste, M Oldenwening, M Zuurbier, B Brunekreef, and G Hoek. 2010. 
“Respiratory Health Effects of Ultrafine and Fine Particle Exposure in Cyclists.” Occupational 
and Environmental Medicine 67 (2): 118–24. doi:DOI 10.1136/oem.2009.046847. 
Szmitko, P. E. 2003. “New Markers of Inflammation and Endothelial Cell Activation: Part I.” 
Circulation 108 (16): 1917–23. doi:10.1161/01.CIR.0000089190.95415.9F. 
Targońska-Stępniak, Bożena, Maria Majdan, Bo&#x17c pniak, ena, and Maria Majdan. 2014. 
“Serum Amyloid A as a Marker of Persistent Inflammation and an Indicator of Cardiovascular 
and Renal Involvement in Patients with Rheumatoid Arthritis.” Mediators of Inflammation 
2014 (Ldl): 1–7. doi:10.1155/2014/793628. 
165 
Taylor, D R, M W Pijnenburg, a D Smith, and J C D Jongste. 2006. “Exhaled Nitric Oxide 
Measurements: Clinical Application and Interpretation.” Thorax 61 (9): 817–27. 
doi:10.1136/thx.2005.056093. 
Teixeira, Bruno Costa, André Luiz Lopes, Rodrigo Cauduro Oliveira Macedo, Cleiton Silva Correa, 
Thiago Rozales Ramis, Jerri Luiz Ribeiro, Alvaro Reischak-Oliveira, et al. 2014. “Inflammatory 
Markers, Endothelial Function and Cardiovascular Risk.” Jornal Vascular Brasileiro 13 (2): 
108–15. doi:10.1590/jvb.2014.054. 
Thomas, Emma, Kremlin Wickramasinghe, Shanthi Mendis, Nia Roberts, and Charlie Foster. 2015. 
“Improved Stove Interventions to Reduce Household Air Pollution in Low and Middle Income 
Countries: A Descriptive Systematic Review.” BMC Public Health 15 (1). BMC Public Health: 
650. doi:10.1186/s12889-015-2024-7. 
Torres-Duque, C, D Maldonado, R Perez-Padilla, M Ezzati, and G Viegi. 2008. “Biomass Fuels and 
Respiratory Diseases: A Review of the Evidence.” Proc Am Thorac Soc 5 (5): 577–90. 
doi:5/5/577 [pii] 10.1513/pats.200707-100RP. 
Tsai, Dai-Hua, Nadia Amyai, Pedro Marques-Vidal, Jia-Lin Wang, Michael Riediker, Vincent Mooser, 
Fred Paccaud, Gerard Waeber, Peter Vollenweider, and Murielle Bochud. 2012. “Effects of 
Particulate Matter on Inflammatory Markers in the General Adult Population.” Particle and 
Fibre Toxicology 9 (1): 24. doi:10.1186/1743-8977-9-24. 
Tsoukias, N M, and S C George. 1998. “A Two-Compartment Model of Pulmonary Nitric Oxide 




Tsoukias, N M, Z Tannous, a F Wilson, and S C George. 1998. “Single-Exhalation Profiles of NO and 
CO2 in Humans: Effect of Dynamically Changing Flow Rate.” Journal of Applied Physiology 
(Bethesda, Md. : 1985) 85 (2): 642–52. 
Urmee, Tania, and Samuel Gyamfi. 2014. “A Review of Improved Cookstove Technologies and 
Programs.” Renewable and Sustainable Energy Reviews 33: 625–35. 
doi:10.1016/j.rser.2014.02.019. 
Van Amsterdam, J G, B P Verlaan, H Van Loveren, B G Elzakker, S G Vos, A Opperhuizen, and P A 
Steerenberg. 1999. “Air Pollution Is Associated with Increased Level of Exhaled Nitric Oxide 
in Nonsmoking Healthy Subjects.” Arch Environ Health 54 (5): 331–35. 
van Eeden, Stephan F., Wan C. Tan, Tatushi Suwa, Hiroshi Mukae, Takeshi Terashima, Takeshi Fuji, 
Diwen Qui, Renaud Vincent, and James C. Hogg. 2001. “Cytokines Involved in the Systemic 
Inflammatory Response Induced by Exposure to Particulate Matter Air Pollutants (PM 10 ).” 
American Journal of Respiratory and Critical Care Medicine 164 (5): 826–30. 
doi:10.1164/ajrccm.164.5.2010160. 
Van Vliet, Eleanne D S, Kwakupoku Asante, Darby W. Jack, Patrick L. Kinney, Robin M. Whyatt, 
Steven N. Chillrud, Livesy Abokyi, Charles Zandoh, and Seth Owusu-Agyei. 2013. “Personal 
Exposures to Fine Particulate Matter and Black Carbon in Households Cooking with Biomass 






Viana, M., I. Rivas, C. Reche, A. S. Fonseca, N. P??rez, X. Querol, A. Alastuey, M. ??lvarez-Pedrerol, 
and J. Sunyer. 2015. “Field Comparison of Portable and Stationary Instruments for Outdoor 
Urban Air Exposure Assessments.” Atmospheric Environment 123: 220–28. 
doi:10.1016/j.atmosenv.2015.10.076. 
Vossoughi, Mohammad, Tamara Schikowski, Andrea Vierkötter, Dorothea Sugiri, Barbara 
Hoffmann, Tom Teichert, Christian Herder, et al. 2014. “Air Pollution and Subclinical Airway 
Inflammation in the SALIA Cohort Study.” Immunity & Ageing : I & A 11 (1): 5. 
doi:10.1186/1742-4933-11-5. 
WHO. 2014. “Indoor Air Quality Guidelines: Household Fuel Combustion.” World Health 
Organization, 1–172. 
Wong, Gary WK, Bert Burnekreef, Philippa Ellwood, H. Ross Anderson, Ines Asher, Julian Crane, 
and Christopher Lai. 2013. “Cooking Fuels and Prevalence of Asthma: A Global Analysis of 
Phase Three of the International Study of Asthma and Allergies in Childhood (ISAAC).” The 
Lancet Respiratory Medicine 1 (5): 386–94. doi:https://doi.org/10.1016/S2213-
2600(13)70073-0. 
World Health Organization. 2006a. “Air Quality Guidelines: Global Update 2005: Particulate 
Matter, Ozone, Nitrogen Dioxide, and Sulfur Dioxide.” World Health Organization. Vol. 3. 
doi:10.1007/BF02986808. 
———. 2006b. “WHO Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide and 
Sulfur Dioxide: Global Update 2005: Summary of Risk Assessment.” Geneva: World Health 
Organization, 1–22. doi:10.1016/0004-6981(88)90109-6. 
 
168 
———. 2010. “WHO Guidelines for Indoor Air Quality: Selected Pollutants.” WHO Guidelines. Vol. 
9. doi:10.1186/2041-1480-2-S2-I1. 
Yatera, Kazuhiro, Joanne Hsieh, James C Hogg, Erin Tranfield, Hisashi Suzuki, Chih-horng Shih, Ali 
R Behzad, Renaud Vincent, and Stephan F Van Eeden. 2008. “Particulate Matter Air Pollution 
Exposure Promotes Recruitment of Monocytes into Atherosclerotic Plaques.” Am J Physiol 
Heart Circ Physiol 294: 294: 944–53. doi:10.1152/ajpheart.00406.2007. 
Yoda, Yoshiko, Naruhito Otani, Shiro Sakurai, and Masayuki Shima. 2014. “Acute Effects of Summer 
Air Pollution on Pulmonary Function and Airway Inflammation in Healthy Young Women.” 
Journal of Epidemiology / Japan Epidemiological Association 24 (4): 312–20. 
doi:10.2188/jea.JE20130155. 
Zamora, R, Y Vodovotz, and T R Billiar. 2000. “Inducible Nitric Oxide Synthase and Inflammatory 
Diseases.” Molecular Medicine (Cambridge, Mass.) 6 (5): 347–73. 
Zeka, Ariana, Antonella Zanobetti, and Joel Schwartz. 2006. “Individual-Level Modifiers of the 
Effects of Particulate Matter on Daily Mortality.” American Journal of Epidemiology 163 (9): 
849–59. doi:10.1093/aje/kwj116. 
Zhang, Qunfang, Roja H. Gangupomu, David Ramirez, and Yifang Zhu. 2010. “Measurement of 
Ultrafine Particles and Other Air Pollutants Emitted by Cooking Activities.” International 






Zhou, Xin, Maren S Fragala, Janet E McElhaney, and George A Kuchel. 2010. “Conceptual and 
Methodological Issues Relevant to Cytokine and Inflammatory Marker Measurements in 






Appendix 4.1: Observed Spearman rank correlation between optical real-time nephelometer and 
integrated gravimetric PM2.5 
 
 (Spearman rho = 0.93 n =27). In this plot the nephelometer data has not been corrected using the time-














Appendix 6.1: Distribution of pollution concentrations stratified by cardiovascular disease risk 
factors 
 
N Kitchen PM N Personal 
PM 
N Kitchen BC N Personal 













Age < 40  69 129 (61,236) 69 74 (44,127) 70 18 (7, 59) 70 8 (4, 17) 
Age ≥ 40 37 188 (75,476) 36 101 (52, 
145) 
37 34 (11, 101) 36 7 (4, 27) 
         
BMI < 25.1  46 130 (71, 243) 46 94 (62, 144) 46 22 (11, 69) 46 10 (5, 27) 
BMI ≥ 25.1 60 137 (54, 408) 59 74 (43, 125) 61 19 (7, 92) 60 6 (2, 15)          
Normal 80 134 (64, 284) 81 75 (48, 130) 81 19 (8, 67) 81 7 (4, 15) 
Pre-diabetes/ 
Diabetes 
26 123 (58, 476) 24 97 (51, 145) 26 32 (10, 141) 25 9 (5, 35) 
         




16 341 (93, 764) 16 111 (53, 
154) 









Appendix 6.2: Crude and Adjusted Percent Difference in Inflammatory Markers Associated with 
Concentrations of Household Air Pollution Stratified By Age  












95% CI 95% 
CI 
P-value 
Area PM                     
  Age 
< 40  
47 4.3 -3.2 12.4 0.49 5.6 -1.4 13.1 0.48 
  Age 
≥ 40 
27 0.0 -8.7 9.6   1.6 -6.6 10.4   
Personal 
PM 
                    
  Age 
< 40  
48 8.2 -3.3 21.1 0.62 10.2 -0.6 22.1 1.00 
  Age 
≥ 40 
25 2.6 -14.5 23.2   10.2 -7.4 31.2   
Area BC                     
  Age 
< 40  
48 3.3 -1.6 8.5 0.58 4.7 0.1 9.5 0.73 
  Age 
≥ 40 
27 0.8 -6.4 8.7   1.6 -5.1 8.8   
Personal BC                     
  Age 
< 40  
48 2.7 -3.2 8.9 0.90 3.3 -2.1 9.1 0.63 
  Age 
≥ 40 
25 2.0 -7.2 12.1   6.1 -3.1 16.1   
Stove Type                     
Justa (ref)                   
 
Traditional Age 
< 40  
30 6.2 -6.9 21.2 0.87 31.3 -24.8 129.1  0.92 
  Age 
≥ 40 
24 4.3 -12.5 24.4   37.1 -35.6 191.9   
SAA                     
Area PM                     
  Age 
< 40  
47 2.7 -2.1 7.8 0.94 3.9 -0.6 8.6 0.95 
  Age 
≥ 40 
27 3.0 -2.9 9.3   4.1 -1.3 9.9   
Personal 
PM 
                    
  Age 
< 40  
48 7.0 -0.6 15.2 0.44 9.0 1.9 16.6 0.76 
  Age 
≥ 40 
25 1.2 -10.3 14.2   6.8 -4.6 19.7   
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Area BC                     
  Age 
< 40  
48 2.4 -0.9 5.8 0.99 3.5 0.5 6.6 0.97 
  Age 
≥ 40 
27 2.3 -2.7 7.6   3.4 -1.1 8.2   
 
Personal BC 
                    
  Age 
< 40  
48 3.9 0.0 8.0 0.40 4.2 0.6 8.0 0.79 
  Age 
≥ 40 
25 0.8 -5.2 7.2   3.3 -2.6 9.5   
Stove Type                     
Justa (ref)           
 
        
Traditional Age 
< 40  
30 69.1 11.3 156.8 0.87  69.8 13.3 154.5 0.83 
  Age 
≥ 40 
24 59.8 -8.6 179.3   83.3 5.8 217.4   
IL8                     
Area PM                     
  Age 
< 40  
47 0.9 -1.8 3.7 0.13 0.8 -1.9 3.6 0.19 
  Age 
≥ 40 
27 4.2 0.9 7.7   3.7 0.3 7.3   
Personal 
PM 
                    
  Age 
< 40  
48 0.2 -4.1 4.8 0.21 -0.1 -4.4 4.3 0.50 
  Age 
≥ 40 
25 5.7 -1.6 13.6   2.7 -4.5 10.5   
Area BC                     
  Age 
< 40  
48 1.5 -0.3 3.4 0.24 1.4 -0.5 3.3 0.34 
  Age 
≥ 40 
27 3.5 0.7 6.4   3.0 0.2 6.0   
Personal BC                     
  Age 
< 40  
48 0.3 -2.0 2.6 0.30 0.3 -1.9 2.6 0.79 
  Age 
≥ 40 
25 2.6 -1.2 6.4   0.9 -2.8 4.8   
Stove Type                     
Justa (ref)                     
Traditional Age 
< 40  
30 2.1 -16.2 24.4 0.96 3.2 -18.9 31.2 0.76 
  Age 
≥ 40 




TNFa                     
Area PM                     
  Age 
< 40  
47 0.3 -2.8 3.4 0.78 0.2 -2.9 3.4 0.76 
  Age 
≥ 40 
27 -0.4 -4.1 3.4   -0.6 -4.3 3.3   
Personal 
PM 
                    
  Age 
< 40  
48 -0.1 -4.6 4.6 0.30 -0.1 -4.8 4.7 0.31 
  Age 
≥ 40 
25 4.6 -3.0 12.7   4.7 -3.3 13.5   
Area BC                     
  Age 
< 40  
48 0.7 -1.6 2.9 0.89 0.7 -1.4 2.8 0.56 
  Age 
≥ 40 
27 -0.1 -4.5 4.4   -0.4 -3.6 2.8   
Personal BC                     
  Age 
< 40  
48 -0.9 -3.3 1.5 0.42 -0.8 -3.3 1.7 0.47 
  Age 
≥ 40 
25 0.9 -2.9 4.9   1.0 -3.1 5.3   
Stove Type                     
Justa (ref)                     
Traditional Age 
< 40  
30 -10.0 -29.7 15.4 0.59 -7.1 -27.5 18.9 0.95 
  Age 
≥ 40 
24 0.5 -27.8 40.0   -8.2 -34.4 28.5   
Il-1β                     
Area PM                     
  Age 
< 40  
47 1.2 -1.3 3.8 0.98 1.5 -1.0 4.1 1.00 
  Age 
≥ 40 
27 1.1 -1.9 4.3   1.5 -1.6 4.7   
Personal 
PM* 
                    
  Age 
< 40  
48 -1.4 -5.1 2.4 0.18 -0.9 -4.6 2.9 0.10 
  Age 
≥ 40 
25 3.6 -2.6 10.3   5.4 -1.1 12.4   
Area BC                     
  Age 
< 40  
48 0.9 -0.8 2.6 0.71 1.2 -0.5 2.9 0.73 
  Age 
≥ 40 




Personal BC                     
  Age 
< 40  
48 0.3 -1.7 2.3 0.80 0.5 -1.6 2.5 0.99 
  Age 
≥ 40 
25 -0.2 -3.4 3.1   0.5 -2.9 3.9   
Stove Type                     
Justa (ref)                     
Traditional Age 
< 40  
30 2.1 -16.2 24.4 0.96 1.4 -17.0 23.8 0.89 
  Age 
≥ 40 
24 1.3 -22.2 31.9   3.6 -21.0 35.8   
ICAM                     
Area PM                     
  Age 
< 40  
47 -0.2 -1.8 1.3 0.61 -0.2 -1.8 1.4 0.58 
  Age 
≥ 40 
27 -0.9 -2.7 1.0   -0.9 -2.9 1.0   
Personal 
PM 
                    
  Age 
< 40  
48 0.0 -2.3 2.4 0.57 0.1 -2.3 2.6 0.58 
  Age 
≥ 40 
25 1.3 -2.5 5.3   1.5 -2.7 5.8   
Area BC                     
  Age 
< 40  
48 -0.1 -1.2 0.9 0.61 -0.13 -1.20 0.95 0.58 
  Age 
≥ 40 
27 -0.6 -2.2 0.9   -0.68 -2.28 0.96   
Personal BC                     
  Age 
< 40  
48 -0.3 -1.5 0.9 0.82 -0.29 -1.57 1.01 0.84 
  Age 
≥ 40 
25 0.0 -2.0 1.9   -0.04 -2.16 2.13   
Stove Type                     
Justa (ref)                     
Traditional Age 
< 40  
30 -5.4 -16.7 7.5 0.48 -4.84 -16.51 8.46 0.56 
  Age 
≥ 40 
24 2.1 -13.9 21.1   1.55 -14.97 21.28   
VCAM                     
Area PM                     
  Age 
< 40  
47 0.1 -1.3 1.5 1.00 -0.02 -1.41 1.38 0.97 
  Age 
≥ 40 





                    
  Age 
< 40  
48 -0.4 -2.4 1.6 0.11 -0.48 -2.52 1.61 0.13 
  Age 
≥ 40 
25 2.7 -0.6 6.1   2.68 -0.85 6.35   
Area BC                     
  Age 
< 40  
48 0.0 -0.9 0.9 0.98 -0.07 -1.01 0.87 0.95 
  Age 
≥ 40 
27 0.0 -1.4 1.4   -0.02 -1.44 1.41   
Personal BC                     
  Age 
< 40  
48 -0.1 -1.2 0.9 0.43 -0.12 -1.22 0.98 0.53 
  Age 
≥ 40 
25 0.7 -1.0 2.4   0.56 -1.26 2.42   
Stove Type                     
Justa (ref)                     
Traditional Age 
< 40  
30 3.5 -7.9 16.2 0.36 2.62 -7.96 14.41 0.47 
  Age 
≥ 40 
24 13.2 -3.1 32.2   9.68 -5.38 27.12   
Cl: Confidence interval; PM2.5: fine particulate matter; CRP (C-reactive protein); SAA (serum amyloid-a); IL-8 
(interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-1 (intercellular adhesion molecule 1); 
VCAM-1 (intercellular molecule 1). 
1: Models were adjusted for age, body mass index (BMI), number of assets (<2 or ≥2), electricity (yes/no), years of 
education (<6 or ≥6) 
2: In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. 
Beta coefficients were entered into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of 
the continuous pollution exposures as a percent increase in inflammatory marker for each 25% increase in exposure. 
Example: There is a 10.49% higher CRP level with a 25% higher personal PM2.5 concentration. 
†Inflammatory markers were log-transformed. Categorical variable beta coefficients were entered into the formula 
(e^β-1)*100). The estimates for the categorical measures of exposure can be interpreted as the percent difference in 









Appendix 6.3: Crude and Adjusted Percent Difference in Inflammatory Markers Associated with 



















      
 




< 25.1  









      
 




< 25.1  








      
 




< 25.1  








      
 




< 25.1  












              
 
Traditional BMI  
< 25.1  
26 21.7 -36.3 132.7 0.68 20.7 -37.1 131.6 0.53 
  BMI  
≥ 25.1 




      
 




      
 




< 25.1  









      
 




< 25.1  










      
 




< 25.1  









      
 




< 25.1  












              
 
Traditional BMI 
< 25.1  
26 68.1 2.4 175.8 0.68 91.7 18.8 209.6 0.60 
  BMI 
≥ 25.1 




      
 




                
 
BMI 
< 25.1  








                
 
BMI  
< 25.1  




43 -2.6 -6.9 1.8   -2.8 -7.1 1.6   
Area BC* 
  
                
 
BMI 
< 25.1  




44 0.6 -1.2 2.5   0.5 -1.4 2.3   
Personal BC 
  
                
 
BMI 
< 25.1  




43 -0.5 -2.7 1.8   -0.6 -2.8 1.7   
Stove Type 
  




              
 
Traditional BMI 
< 25.1  
26 -1.1 -24.9 30.2 0.50 -1.2 -25.5 31.1 0.62 
  BMI 
≥ 25.1 







                
Area PM 
  
                
 
BMI 
< 25.1  









      
 




< 25.1  








      
 




< 25.1  








      
 




< 25.1  












              
 
Traditional* BMI  
< 25.1  
26 -18.2 -38.6 9.0 0.14 -24.6 -43.1 -0.2 0.06 
  BMI 
≥ 25.1 




      
 
      
 
Area PM BMI  
< 25.1  




43 0.6 -1.7 2.9 
 
0.8 -1.5 3.2 
 
   
      
 





< 25.1  




43 0.6 -3.5 4.9 
 
0.6 -3.5 4.9 
 
   
      
 
      
 
Area BC BMI  
< 25.1  




44 0.5 -1.3 2.2 
 
0.8 -1.0 2.5 
 
   
      
 
      
 
Personal BC BMI  
< 25.1  




43 0.2 -1.8 2.2 
 










              
 
Traditional BMI  
< 25.1  
26 6.7 -14.9 34.0 0.66 7.2 -15.1 35.3 0.66 
  BMI  
≥ 25.1 
28 -0.3 -19.3 23.1   0.1 -19.3 24.2   
ICAM  
  
      
 
      
 
Area PM BMI  
< 25.1  




43 -0.6 -2.0 0.9 
 





< 25.1  




43 0.0 -2.6 2.6 
 
-0.3 -2.8 2.4 
 
   
      
 
      
 
Area BC BMI  
< 25.1  




44 -0.6 -1.6 0.5 
 
-0.8 -1.9 0.3 
 
   
      
 





< 25.1  




43 -0.8 -2.0 0.5 
 




      
 




              
 
Traditional BMI  
< 25.1  
26 2.6 -11.9 19.5   -0.8 -14.6 15.3 
 
  BMI  
≥ 25.1 
28 -3.6 -16.4 11.1 0.55 -4.8 -17.2 9.4 0.68 
VCAM 
  
      
 
      
 
Area PM BMI  
< 25.1  
31 0.3 -1.4 2.0 
 





43 0.0 -1.2 1.2 0.78 -0.1 -1.4 1.1 0.95 
   
      
 





< 25.1  
30 1.2 -1.6 4.0 
 





43 -0.1 -2.2 2.1 0.49 -0.2 -2.4 2.1 0.50 
Area BC BMI 
 < 25.1  
31 0.3 -0.9 1.4 
 





44 -0.1 -1.1 0.8 0.57 -0.2 -1.2 0.7 0.72 
Personal BC BMI  
< 25.1  
30 1.0 -0.7 2.7 
 




 ≥ 25.1 




      
 




      
 
      
 
Traditional BMI  
< 25.1  
26 4.3 -8.9 19.3 0.55 1.0 -10.8 14.3 0.52 
  BMI  
≥ 25.1 
28 10.2 -2.8 24.9 
 
6.6 -5.0 19.7  
 
Cl: Confidence interval; PM2.5: fine particulate matter; CRP (C-reactive protein); SAA (serum amyloid-a); IL-8 
(interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-1 (intercellular adhesion molecule 1); 
VCAM-1 (intercellular molecule 1). 
1: Models were adjusted for age, body mass index (BMI), number of assets (<2 or ≥2), electricity (yes/no), years of 
education (<6 or ≥6) 
2: In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. 
Beta coefficients were entered into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of 
the continuous pollution exposures as a percent increase in inflammatory marker for each 25% increase in exposure. 
Example: There is a 10.49% higher CRP level with a 25% higher personal PM2.5 concentration. 
†Inflammatory markers were log-transformed. Categorical variable beta coefficients were entered into the formula (e^β-1)*100). 
The estimates for the categorical measures of exposure can be interpreted as the percent difference in inflammatory marker when 















Appendix 6.4: Crude and Adjusted Percent Difference in Inflammatory Markers Associated with 
Concentrations of Household Air Pollution Stratified By Blood Pressure 



















Area PM                     




13 5.7 -10.3 24.5   9.6 -6.2 28.1   
Personal 
PM 
                    




13 13.9 -8.8 42.3   16.6 -5.7 44.2   
Area BC                     




14 0.9 -8.7 11.6   1.7 -7.7 12.0   
Personal BC                     




13 5.0 -5.2 16.4   6.5 -3.5 17.5   
Stove Type                     
Justa (ref)                     




16 21.5 -58.8 257.7   34.1 -52.0 274.4   
SAA                     
Area PM*                     




13 11.2 -0.6 24.5   13.1 2.1 25.2   
Personal 
PM 
                    




13 13.9 -2.5 33.0   16.0 0.5 33.8   
Area BC                     
184 




14 7.8 0.5 15.7   7.6 0.9 14.7   
Personal BC                     




13 6.6 -0.7 14.5   6.6 -0.2 13.9   
Stove Type                     
Justa (ref)                     




16 49.2 -32.7 230.6   57.4 -27.0 239.3   
IL8                     
Area PM                     




13 2.0 -4.3 8.7   2.1 -4.4 8.9   
Personal 
PM 
                    




13 -2.7 -11.3 6.6   -3.4 -11.9 6.0   
Area BC                     




14 1.2 -2.8 5.3   1.7 -2.3 6.0   
Personal BC                     




13 1.4 -2.9 5.8   1.5 -2.7 5.9   
Stove Type                     
Justa (ref)                     




16 22.3 -22.3 92.5   19.9 -23.1 87.1   
TNFa                     
Area PM                     





13 2.4 -4.6 9.9   1.7 -5.5 9.6   
Personal 
PM 
                    




13 4.0 -5.5 14.3   3.0 -7.0 14.1   
Area BC                     




14 1.6 -6.4 10.3   -0.3 -4.8 4.5   
Personal BC                     




13 1.7 -2.6 6.2   1.5 -3.1 6.4   
Stove Type                     
Justa (ref)                     




16 9.5 -31.1 73.9   -3.8 -39.3 52.6   
                      
Il-1β     0.7 -1.4 3.0 0.59 1.3 -1.0 3.6 0.76 




13                 
      -0.7 -4.2 3.0 0.43 0.3 -3.4 4.1 0.76 
Personal 
PM 




13                 
      0.6 -1.0 2.2 0.96 1.2 -0.5 2.9 0.54 




14                 
      0.1 -1.8 2.1 0.90 0.7 -1.3 2.8 0.50 




13                 
           
186 
Stove Type                     
Justa (ref)                     




16 -16.7 -41.9 19.4   -18.6 -43.6 17.7   
ICAM                     




13 1.3 -2.3 5.0   1.0 -2.7 4.9   
                      
Personal 
PM 




13 3.0 -1.9 8.2   2.8 -2.5 8.3   
                      




14 0.6 -1.7 2.8   0.4 -2.0 2.8   
                      




13 1.2 -1.1 3.5   1.1 -1.3 3.5   
Stove Type                     
Justa (ref)                     




16 11.8 -12.1 42.1   6.7 -15.9 35.5   
VCAM                     




13 1.2 -1.8 4.4   0.6 -2.5 3.9   
                      
Personal 
PM 




13 3.2 -1.0 7.5   2.9 -1.6 7.5   
           
           
           
187 




14 0.4 -1.6 2.3   -0.1 -2.1 2.0   




13 0.8 -1.1 2.8   0.6 -1.5 2.6   
Stove Type                     
Justa (ref)                     




16 8.7 -12.6 35.2   1.5 -16.9 24.0   
Cl: Confidence interval; PM2.5: fine particulate matter; CRP (C-reactive protein); SAA (serum amyloid-a); IL-8 
(interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-1 (intercellular adhesion molecule 1); 
VCAM-1 (intercellular molecule 1). 
1: Models were adjusted for age, body mass index (BMI), number of assets (<2 or ≥2), electricity (yes/no), years of 
education (<6 or ≥6) 
2: In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. 
Beta coefficients were entered into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of 
the continuous pollution exposures as a percent increase in inflammatory marker for each 25% increase in exposure. 
Example: There is a 10.49% higher CRP level with a 25% higher personal PM2.5 concentration. 
†Inflammatory markers were log-transformed. Categorical variable beta coefficients were entered into the formula (e^β-1)*100). 
The estimates for the categorical measures of exposure can be interpreted as the percent difference in inflammatory marker when 











Appendix 6.5: Crude and Adjusted Percent Difference in Inflammatory Markers Associated with 
Concentrations of Household Air Pollution Stratified By Diabetes Status 


















Area PM*                     




19 -5.7 -14.5 4.1   -6.1 -14.3 2.8   
Personal 
PM* 
                    




18 -10.7 -25.9 7.7   -6.0 -21.0 11.9   
Area BC                     




19 -0.3 -7.1 6.9   0.1 -6.2 6.8   
Personal BC                     




18 1.1 -7.2 10.3   0.6 -7.3 9.2   
Stove Type                     
Justa (ref)                     




12 -22.4 -68.7 92.4   -11.0 -63.2 115.5   
SAA                     
Area PM                     




19 1.6 -4.8 8.5   2.8 -3.1 9.1   
Personal 
PM 
                    




18 1.7 -10.6 15.8   3.8 -7.6 16.5   
Area BC                     
189 




19 3.3 -1.4 8.2   4.1 -0.1 8.5   
Personal BC                     




18 0.8 -4.7 6.7   1.2 -3.8 6.6   
Stove Type                     
Justa (ref)                     




12 34.8 -28.8 155.1   53.4 -19.9 193.8   
IL8                     
Area PM*                     




19 8.0 4.3 12.0   8.2 4.4 12.2   
Personal 
PM* 
                    




18 9.1 0.6 18.3   8.3 0.0 17.4   
Area BC*                     




19 5.4 2.7 8.2   5.6 2.9 8.4   
Personal BC                     




18 2.5 -1.1 6.2   2.7 -0.9 6.4   
Stove Type                     
Justa (ref)                     




12 5.0 -29.5 56.3   -3.1 -33.9 42.0   




Area PM                     




19 -1.4 -5.5 2.9   -2.0 -6.3 2.5   
           
Personal 
PM 
                    




18 1.0 -7.3 9.9   0.6 -8.1 10.1   
Area BC                     




19 0.6 -2.4 3.6   0.3 -2.8 3.5   
Personal BC                     




18 0.4 -3.3 4.1   -0.1 -3.9 3.9   
Stove Type                     
Justa (ref)                     




12 -12.1 -40.6 30.2   -11.9 -40.6 30.6   
Il-1β                     




19 1.0 -2.5 4.6   0.9 -2.7 4.7   
                      
Personal 
PM 




18 0.0 -6.8 7.3   -0.2 -7.3 7.3   
                      




19 -0.1 -2.4 2.3   -0.1 -2.5 2.3   




18 -0.2 -3.1 2.8   -0.6 -3.6 2.5   
191 
Stove Type                     
Justa (ref)                     




12 -5.0 -29.8 28.6   -4.5 -30.7 31.5   
ICAM                     




19 -1.5 -3.7 0.7 
 
-2.2 -4.4 0.1 
 
                      
Personal 
PM 




18 -1.3 -5.6 3.1 
 
-2.1 -6.5 2.5 
 
                      




19 -0.5 -2.0 1.1 
 
-0.9 -2.4 0.8 
 
                      




18 -0.6 -2.5 1.4 
 
-1.2 -3.1 0.9 
 
Stove Type                     
Justa (ref)                     




12 -4.7 -22.8 17.7 
 
-6.1 -23.5 15.3 
 
VCAM                     




19 -1.2 -3.0 0.6   -1.7 -3.5 0.2   
            
 








18 0.3 -3.3 4.1   -0.5 -4.2 3.4   
            
 
      
 
           
           
192 




19 -0.4 -1.7 1.0   -0.8 -2.1 0.6   
            
 








18 -0.7 -2.2 0.9   -1.2 -2.8 0.5   
Stove Type           
 
      
 
Justa (ref)                     




12 10.2 -8.5 32.8   4.8 -11.4 24.1   
Cl: Confidence interval; PM2.5: fine particulate matter; CRP (C-reactive protein); SAA (serum amyloid-a); IL-8 
(interleukin-8); IL-1β (interleukin 1β); TNF-α (tumor necrosis factor-α); ICAM-1 (intercellular adhesion molecule 1); 
VCAM-1 (intercellular molecule 1). 
1: Models were adjusted for age, body mass index (BMI), number of assets (<2 or ≥2), electricity (yes/no), years of 
education (<6 or ≥6) 
2: In continuous exposure models, inflammatory markers and measured pollution were both natural log transformed. 
Beta coefficients were entered into the formula ((1.25^β)-1) and multiplied by 100. We can interpret the estimate of 
the continuous pollution exposures as a percent increase in inflammatory marker for each 25% increase in exposure. 
Example: There is a 10.49% higher CRP level with a 25% higher personal PM2.5 concentration. 
†Inflammatory markers were log-transformed. Categorical variable beta coefficients were entered into the formula (e^β-1)*100). 
The estimates for the categorical measures of exposure can be interpreted as the percent difference in inflammatory marker when 
comparing traditional stove to the reference (Justa stove) 
 
 
 
